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The Salt Doll and the Sea

A salt doll journeyed fo r thousands o f miles over the land, until it finally came to the sea.
It was fascinated by the strange-moving mass, quite unlike anything it had ever seen.
'Who are you?' said the salt doll to the sea.
The sea smilingly replied, 'Come in and see. ’
So the salt doll waded into the sea. The further it walked into the sea the more it
dissolved until there was only very little o f it left. Before the last bit dissolved, the doll
exclaimed in wonder, 'Now I know who I am!'
A Hindu tale
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ABSTRACT
SATELLITE INDICES OF FLUVIAL INFLUENCE IN COASTAL WATERS

by
Joseph E. Salisbury II
University of New Hampshire, May, 2003

In this dissertation a suite of satellite, discharge and in-situ measurements is used to
explore the spatio-temporal distribution of terrestrial constituents in coastal
environments. The covariance between riverine delivery of optically active constituents
and the corresponding optical variability in neighboring coastal waters for the Mississippi
and Orinoco Rivers is documented. From this work, satellite-based indices of fluvial
influence (IFI), are developed which contain information on the spatial extent of riverine
constituents in coastal waters. The IFI is defined as the correlation between time series of
riverine discharge and an ocean color satellite-derived property in the region proximal to
a river’s discharge point.

These indices are employed to map the seasonal spatio-temporal variability of the
Mississippi’s sediment plume in the presence of discharge and wind stress fields. Here it
is shown that: 1) the IFI techniques are useful for tracking terrestrial constituents
delivered by the Mississippi’s discharge; 2) coastal provinces dominated by fluvial
influence have a different spatio-temporal distribution than those dominated by wind-
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driven resuspension, and thus these provinces can be discriminated, and 3) wind and
discharge play different roles in the seasonal dynamics of the Mississippi’s plume.
IFI techniques are used to isolate several individual river plumes in the northern Gulf of
Mexico in which the relationship between in situ measurements of salinity and light
absorption at 443nm were documented. Salinity vs. absorption relationships within the
plumes were compared to modeled dissolved organic carbon fluxes from corresponding
drainage basins. The results imply that variability in the flux of dissolved organic carbon
across drainage basins imparts distinct variability in the optical characteristics of
individual river plumes. Further, it is probable that ocean color sensors can help resolve
this variability, and in fact have vast potential in aiding the understanding of the origin,
persistence, trajectory and fate of riverine constituents in coastal waters.

xiii
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CHAPTER I
INTRODUCTION, RATIONALE AND SCIENCE OBJECTIVES
Introduction
It is hardly a coincidence that over fifty percent of the world’s population lives
within two hundred kilometers of the ocean as human society derives several important
benefits from the coastal zone. Among these benefits are food, transportation,
recreation, wildlife habitat, defense, and waste processing and disposal [Mitch and
Gosselink, 1993]. In many parts of the world, coastal ecosystems are experiencing
ongoing and unfavorable changes in water quality, some of which can be linked directly
to the transport of waterborne constituents from land [Cooper and Brush, 1991; Justic,
1995]. Throughout their history, humans have modified, often negatively, the quality of
their water and in turn have influenced the water discharged to the coastal zone. How
humans have altered these local land/ocean linkages, how they will continue to do so into
the future, and how these alterations will be expressed in the coastal zone is poorly
understood [Wollast 1991; Officer et al. et al. 1984; Nixon et al. et al. 1995].
It is widely known that the reflectance spectra of water changes in response to
varying concentrations of dissolved and suspended constituents such as sediment,
chromophoric carbon and photosynthetic pigments. Assuming this, a first order
understanding of the timing and magnitude of land-to-ocean fluxes can be obtained
through a careful examination of the extent to which the delivery of water and its
associated constituents affects the spectral signature of neighboring coastal waters.

l
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The main goal of this research is to examine this linkage to determine if a time
varying set of terrestrially based biogeochemical processes is coherently coupled to the
variability in the optical characteristics of the neighboring coastal waters. Towards this
end we use a suite of satellite, discharge and in-situ measurements to explore the spatiotemporal distribution of terrestrial constituents in coastal environments. In the next
chapter we document the covariance between riverine delivery of optically active
constituents and the corresponding optical variability in neighboring coastal waters for
the Mississippi and Orinoco Rivers. From this work we developed satellite-based
indices of fluvial influence (IFI), which indicate the spatial extent of riverine constituents
in coastal waters. In Chapter HI, we employ the IFI to map the seasonal spatio-temporal
variability of the Mississippi’s sediment plume. In this chapter we show that: 1) the IFI
is useful for tracking terrestrial constituents delivered by the Mississippi’s discharge; 2)
coastal provinces dominated by fluvial influence have a different spatio-temporal
distribution than those dominated by wind-driven resuspension and as such, we were able
to discriminate between the two; and 3) both wind and discharge play different roles in
the seasonal dynamics of the Mississippi’s plume. In Chapter IV our work suggests that
variability in the flux of dissolved organic carbon across drainage basins imparts distinct
variability in the optical characteristics of individual river plumes. The results presented
from this chapter suggest that ocean color sensors have vast potential in aiding the
understanding of the origin, persistence, trajectory and fate of riverine constituents in
coastal waters. This work further capitalizes on spatio-temporal methods to identify
regions of fluvial influence (RFI), and the results are validated using a suite of in-situ

2
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measurements. The findings of each chapter extend our understanding of riverineinfluenced coastal waters and the biogeochemical dynamics of terrestrial constituents in
coastal ecosystems. Because the methods employed in these studies are based on satellite
data with global coverage every -1-2 days, we believe they can be scaled to capture such
variability at a global scale.

Rationale
There is an ever-increasing body of literature that is concerned with the effect of
anthropogenic activity on the world’s ecosystems. On a global scale, the role of human
mediation in the cycling of carbon, nitrogen and phosphorus has been clearly established
[Vitousic, 1994; Meybeck, 1982; Howarth et al. 1995]. Human activity accounts for
nearly half of the nitrogen presently transported through drainage basins [Galloway et al,
1995; Green et al. 2003] and is responsible for an estimated 50 percent global increase in
the rate of atmospheric deposition of oxidized nitrogen since preindustrial times [Lyons
et al, 1990; Kashibhatla, 1993]. As the result of human mediated pollution, erosion and
agricultural runoff, phosphorus export has also increased significantly. Howarth et al.
[1995] estimates that the flux of riverine phosphorous to the coastal ocean has increased
by at least 50 percent since pre-industrial “natural state” conditions.
Several researchers have shown that recent increases in nutrient inputs due to
sewerage, agricultural runoff, and atmospheric deposition have led to excessive levels of
productivity and eutrophication in many coastal areas [Officer et al. 1984; Nixon et al. et
al. 1995; Goolsby, 2001; Rabalais et al. et al. 2001]. Humborg [1997] studied the silica
budget of the coastal area near the outflow of the Danube River before and after water

3
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impoundments were constructed. His work shows that silica discharges to the Black Sea
decreased significantly after the impoundments had been built as a result of in-stream
processing and subsequent deposition within the Danube’s reservoirs. In turn, the ratio of
diatoms to dinoflagellates in coastal waters has decreased. In the Gulf of Mexico within
the Mississippi River Plume, nutrient loading, likely due to basin scale agricultural
practices, has led to anoxia and the subsequent die off of commercially important species
[Rabelais et al. et al. 1999; Rabalais and Turner 2002]. Cooper and Brush [1991]
demonstrated that the frequency of anoxic events in Chesapeake Bay is presently
increasing. The results of their work have been corroborated using detailed
biogeochemical analyses of stratigraphy core samples from the mesohaline reaches of the
Chesapeake [Zimmerman and Canuel, 2000; 2002].
Intensive land-use practices of recent years have lead to a dramatic increase in the
rate of soil erosion. For example, due to land clearing and agricultural development,
sediment fluxes to streams entering the Black Sea have increased three-fold over the last
2000 years [Walling and Webb, 1996]. In Borneo, human disturbances such as
urbanization and logging caused a forty-fold increase in the sediment yield since 1970
[Douglas, 1996]. Based on an analysis of sedimentation rates in Southeastern Asia,
Abernathy [1990] determined that during the 20th century there has been a close
relationship between sediment flux and population growth. In developing countries
annual sediment yields are increasing at a rate equivalent to 1.7 times the population
growth.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Increasing loads of mineral and organic sediments are responsible for a decline in
coastal water quality. An increase in net heterotrophy and a decrease in productivity
thought to be caused by light limitation due to siltation were reported in the Gironde
Estuary [Abril et al. et al. 1999]. Human perturbations at the drainage basin scale pose a
serious threat to coral and coastal macrophyte communities. Reef damage from
anthropogenic environmental degradation such as nutrient runoff and siltation is •
widespread [Smith and Buddemier 1992]. These authors believe that the effects of
terrestrially derived constituents on reef ecosystems represent a far greater threat than that
imposed by global climate change. Anthropogenic nitrogen loads to shallow coastal
waters have been linked to shifts from seagrass to macroalgae-dominated communities in
many parts of the world [McClelland, 1998, Short and Burdick, 1995]. A welldocumented example of pollution-induced seagrass die-off occurred in Cockum Sound,
Australia [Cambridge and McComb, 1984]. A combination of industrial pollution and
agricultural and domestic runoff were implicated as the cause of the die-off.
Anthropogenic influence in the cycling of Earth’s carbon is generally accepted
and well exemplified with the rise in greenhouse gases in the atmosphere [Berner and
Lasagna, 1989]. The urgency to understand issues surrounding the carbon cycle,
particularly exchanges between the land and atmosphere has led to an impressive
research effort in recent years [IGCCP, 1999]. Given significant advances in our
understanding of global biogeochemical cycles, we still know surprisingly little of how
coastal waters process terrigenous constituent fluxes [Walsh et al, 1981; Hedges et al,
1997; Wollast, 1991].

5
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There is disagreement, about the fate of terrigenous particulate and dissolved
organic carbon in coastal waters [Wollast,1991]. Although not all researchers concur,
[see Billen et al., 1991] the ocean is seemingly heterotrophic, respiring on an annual basis
nearly all of its own production plus most of the terrigenous production delivered to it
[Smith and MacKenzie, 1987; Hedges, 1997; Smith and Hollibaugh, 1989]. Of the -60
gigatons of organic carbon fixed on land annually, 0.5 gigatons, representing nearly all
organic carbon not remineralized on land, is introduced into the ocean via fluvial
[Meybeck, 1982] and aeolian processes [Zafiriou et al.,1995]. Ocean sediments become
the sink for only ~0.1 gigaton of this carbon [Lein, 1984; Bemer and Lasagna, 1989;
Hedges and Kiel, 1995], and since terrestrially-derived dissolved organic matter has a
relatively short residence time in the ocean [Opsahl and Benner, 1997], it is assumed that
most of this organic carbon is being oxidized on annual time scales. We can also assume
that as tidal and seasonal mixing occur in shallow coastal waters, much of the inorganic
carbon produced during remineralization wiil be ventilated, thus making the atmosphere a
major sink for terrestrial carbon exported into coastal waters. The fate of terrigenous
constituents in coastal waters is important in light of disturbances to the terrestrial
biosphere [Wollast, 1991], which are likely to alter patterns of fluvial export. Anticipated
changes/disturbances known to influence constituent fluxes include intensive agriculture
[Goolsby, 2001], nutrient deposition [Kashibhatla, 1993], global warming [Clair et al,
1999], and large-scale deforestation [Lai, 1995].
Up to this point, we have cited several important issues concerning
biogeochemical expressions from land that presently affect global coastal and shelf

6
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environments. A growing body of evidence indicates that much of the world's coastal
ocean is experiencing a progressive decline in water quality. Alterations in the global
cycling of water-borne constituents and the decline in coastal water quality can be
directly attributable to human activities in the coastal zone and contributing drainage
basins. Clearly more insight into these issues and a better understanding of the role of
coastal waters in processing important biogeochemical constituents are needed.

Science objectives:
This thesis centers on gaining insight into the biogeochemical variability of
coastal waters through the analysis of satellite measurements. Our goal is to make a
contribution towards the understanding of issues and processes affecting the Earth’s
coastal waters. The overarching hypothesis throughout the thesis is that: biogeochemical
variability evoked by terrigeneous fluxes to coastal waters elicits a corresponding
response in satellite data that can be exploited to help understand the spatio-temporal
dynamics o f these fluxes. The following chapters seek to test this hypothesis and in doing
so offer new techniques for monitoring terrestrial fluxes to coastal waters using a suite of
space-based sensors.
The pertinent scientific objectives of this thesis are as follows:

a)

Characterize the spatio-temporal relationship between land-to-ocean
constituent fluxes [total suspended sediment (TSS), colored dissolved
organic matter (CDOM) and nutrients] and ocean color.

7
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b)

Demonstrate that indices developed in the characterization mentioned in
(a) can be used to improve our understanding of the dynamic nature of
terrestrial constituents in coastal waters.

c)

Discriminate and characterize the seasonal spatio-temporal distribution
of environmental forcing variables (discharge and wind) on a
constituent field (TSS) in coastal waters.

d)

Demonstrate that variability in the optical fields in coastal waters is
related to the biogeochemical attributes of the individual drainage
basins affecting constituent fluxes.

This dissertation presents three chapters that address these objectives. Chapter n,
entitled “Covariance between ocean color and riverine discharge reveals the areal extent
and nature of fluvial influence in coastal waters,” was published in EOS Transactions on
May 15,2001. This chapter focuses on the first objective, specifically on the nature of
spatio-temporal distributions of light scattering and light absorbing constituents delivered
to coastal waters by the Mississippi and Orinoco Rivers. In that paper, we introduced the
index of fluvial influence (IFI), a temporal correlation between the satellite ocean color
signal and a river’s discharge hydrograph. We demonstrated the IFI using monthly
average SeaWiFS data (water leaving radiances at 443 nm and 555 nm), and the
correlation was derived over a 38-month times series. Objectives (b) and (c) were
addressed in Chapter HI. This chapter has been submitted to Deep Sea Research (August

8
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2002) under the title “The influences of riverine discharge and winds on suspended
sediment distributions in the northern Gulf of Mexico.” The results show that coastal
waters whose optical characteristics are dominated by the dissimilar processes of wind
and fluvial influence can be discriminated and are, in general, spatially disjoint. In this
chapter, the regions of fluvial influence were mapped and differentiated from regions of
wind influence (resuspension of sediments). We used daily and weekly average
SeaWiFS data, and mapped the region of influence of the Mississippi River as it varied
seasonally in 1999 and 2000. We show that there is considerable seasonal variability in
the region influenced by riverine discharge, but less variability in those regions
influenced by processes of resuspension. Objective (d) is addressed in Chapter IV,
entitled “Coastal river plumes of the northeast Gulf of Mexico: linking salinity vs.
absorption relationships to terrestrial DOC fluxes.” This comprises a manuscript that we
intend to submit to Continental Shelf Research. In this chapter, we map the regions of
fluvial influence of eleven rivers flowing into the northeastern Gulf of Mexico during
seven cruises. We show evidence that the slope of the absorption vs. salinity
relationships (from the ship-measured data) within individual plumes covaries with the
flux of DOC from the contributing drainage basin. The results strongly suggest that
information about the variability of land-to-ocean carbon fluxes can be captured using a
satellite-derived absorption signal.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

CHAPTER II
COVARIANCE BETWEEN OCEAN COLOR AND RTVERINE DISCHARGE
REVEALS THE AREAL EXTENT AND NATURE OF FLUVIAL INFLUENCE IN
COASTAL WATERS (EOS TRANSACTIONS, 82:20)
Joseph E. Salisbury1
Janet W. Campbell1,2
L. David Meeker 2,3
Charles Vorosmarty 2,4
A critical yet poorly quantified aspect of the Earth System is the influence of
river-bome constituents on coastal biogeochemical dynamics. Coastal waters hold some
of the most productive ecosystems on Earth and are sites of intense downward particle
fluxes and organic accumulation. Additionally, in many parts of the world, coastal
ecosystems are experiencing ongoing and unfavorable changes in water quality, some of
which can be linked directly to the transport of waterborne constituents from land. These
include phenomena such as the well-publicized increasing frequency of hypoxia events in
the Gulf of Mexico (Goolsby, 2000), harmful algal blooms (Smayda, 1992), diminished
water quality, and changes in marine biodiversity (Radach et al. 1990). In light of global
and local issues arising from the interaction of land and coastal ocean waters, a better
understanding of the spatial extent to which riverine discharge influences coastal
ecosystems is warranted.
We used a time series of satellite ocean color data to investigate the spatial extent
and nature of riverine influence on coastal waters. In doing so, we capitalized on the
ability of the Sea-viewing Wide Field-of-View Sensor (SeaWiFS) to provide spatial and

1 Ocean Processes Analysis Laboratory, University o f New Hampshire
2 Institute for Earth, Oceans and Space, University o f New Hampshire
3 Climate Change Research Center, University of New Hampshire
4 Complex Systems Research Center and Water Systems Analysis Group, University of New Hampshire
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temporal coverage over vast areas and multi-annual time scales (McClain et al. 1998). It
is widely known that water-leaving radiance spectra change in response to varying
concentrations of dissolved and suspended constituents such as sediment, colored
dissolved organic matter (CDOM), and phytoplankton pigments. Thus, a first-order
understanding of the land’s influence on coastal waters can be obtained through a careful
examination of the extent to which the delivery of water and its associated constituents is
correlated to the time-varying spectral signature of neighboring coastal waters.
For several large rivers in North and South America, we have observed high
correlations between the time series of river discharge and ocean color radiance data at
pixels located near the mouth of the river. Spatial maps of these correlations for the
Mississippi and Orinoco rivers are shown in Figures 2.1 and 2.2. The magnitude and sign
of the correlation contains information about the delivery and fate of terrigeneous
materials in the ocean. High negative correlation between the discharge and radiance in a
blue band (e.g., 443-nm band, Fig. 2.1a, 2.2) is associated with the presence of lightabsorbing substances such as phytoplankton pigments, biogenic detritus, and CDOM.
High positive correlation at longer wavelengths (e.g., 555-nm, Fig. 2.1b) is associated
with the enhanced backscattering properties of suspended sediments.
These maps were generated using discharge data for the Orinoco and Mississippi
rivers and SeaWiFS ocean color imagery of the adjacent coastal waters. Daily discharge
data for the Mississippi (9/1/97 to 10/31/00) were obtained from the USGS gauging
station at Vicksburg, Mississippi, and averaged to obtain a 38-month time series of
monthly average discharge values. Because contemporary discharge data were not
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available for the Orinoco, we used the climatology of monthly discharge values available
from the University of New Hampshire’s Global Composite Runoff Data Archive
(www.watsys.unh.edu). A corresponding set of monthly-averaged global SeaWiFS data
(Reprocessing #3) for the same period were obtained from the NASA Goddard
Distributed Active Archive Center (daac.gsfc.nasa.gov). The SeaWiFS data sets were the
normalized water-leaving radiances (nLw) in visible bands, spatially averaged within 9x9
km2 bins, and temporally averaged over monthly intervals. Data for the Gulf of Mexico
and western Caribbean were extracted from the global SeaWiFS images, and the
correlation coefficient was computed for each bin (pixel) between the monthly average
SeaWiFS radiances and the monthly discharge at the mouth of the river. Results for two
of the bands, 443-nm and 555-nm, are displayed in Figures 2.1 and 2.2. In Figure 2.3,
graphs A, B, C, and D illustrate the coherence between monthly discharge data and
scaled time series of the average radiances within boxes of 8 x 8 pixels (72 x 72 km2) at
the corresponding locations shown on the map.
Correlation maps for different spectral bands reveal information about the spatial
distribution and quality of certain riverine constituents. For example, backscattering of
light at 555 nm is known to vary proportionally in response to varying loads of suspended
particles. Therefore, we believe the distinctive patch of highly correlated pixels in Figure
2.1b directly at the mouth of the Mississippi River indicates the spatial extent of
suspended sediment in the Mississippi River plume. Graph (A) in Figure 2.3 clearly
shows the coherence between the Mississippi River discharge and the 555-nm radiance
data within that patch. The size of the patch makes intuitive sense, as the flux of mineral
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particles thought to be responsible for this phenomenon would likely settle out of the
water column a relatively short distance from the point of discharge.
Riverine discharge typically delivers dissolved and particulate organic matter that
absorbs light at blue wavelengths. Thus, as the flux-of light absorbing materials to the
coastal waters increases in response to increasing discharge, the radiance at 443-nm
decreases as less light exits the water column. This gives rise to the region of high
negative correlation seen in Figure 2.1a. Graph B shows the coherence between the
Mississippi discharge and the reciprocal of the 443-nm radiance within that region.
Particulate and dissolved components contributing to this phenomenon include CDOM,
phytoplankton pigments, and organic detritus. Globally, rivers annually deliver an
estimated 0.5 gigatons carbon to the coastal ocean (Meybeck, 1982), and the near-term
sink for this carbon (whether the atmosphere, ocean or sediments) is not known.
From the much larger spatial extent of the high-correlation region in Figure 2.1a
compared with that of Figure 2.1b, we infer that organic matter which absorbs light at
443-nm is carried farther from the river mouth. In contrast the denser sediment, which
has a tendency to backscatter light at 555-nm, is not carried as far. An alternative
interpretation, however, is that some of these pixels are actually influenced by discharge
from adjacent rivers. They would appear to be correlated to the Mississippi discharge if
the hydrographs of adjacent rivers were themselves highly correlated. However, we
found that the discharges from the smaller rivers draining into the northern Gulf of
Mexico (Fig. 2.1a) were not highly correlated (r < 0.45) to the Mississippi discharge,
presumably because of the much larger drainage basin of the Mississippi and time delays
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in runoff routing. Regardless of whether a particular pixel is correlated to one or to more
than one hydrograph, we believe that the correlation is a useful index of fluvial influence
in coastal regions.
The optical influence of the Orinoco’s plume and its effect on the ecology and
biogeochemistry of the Western Caribbean have been studied in detail (See MullerKarger et al. 1989, Bonilla et al. 1993, Blough et al. 1993). Figure 2.2 shows the
impressive areal extent to which the Orinoco’s discharge is correlated to the 443-nm
water-leaving radiance in this region. The apparent plume subtended by pixels of high
negative correlation indicates a large area where light absorbing constituents are
covarying with the Orinoco River discharge, presumably the source of these constituents.
The time series of the Orinoco’s climatological discharge and the reciprocal of the 443nm radiance at location C (Fig. 2.3) are plotted in graph (C).
A region of high positive correlation lying just to the west of the apparent plume
is also notable in Figure 2.2. This is a region of seasonal coastal upwelling which
typically peaks early in the year and stimulates phytoplankton growth (hence reducing the
water-leaving radiance at 443-nm). The high positive correlation is the result of this
cycle being out of phase with the Orinoco’s discharge which peaks in August and is
minimal at the time of the upwelling. The seasonal cycles of the 443-nm radiance in this
upwelling area and the Orinoco hydrograph are illustrated in graph (D) of figure 2.3.
Their apparent relationship reminds us that caution must be exercised when drawing
inferences about cause and effect strictly from statistical correlations. Any seasonally
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varying phenomenon that induces a seasonal pattern in the radiance would likely show
some correlation with a local hydrograph that also responds to seasonal forcing.
Similar correlation analyses have been run for the coastal waters at the mouths of
the Amazon and several o f the large rivers of North America. Each analysis
demonstrates distributions of correlated radiance values proximal to the river’s point of
discharge and indicates that, by using these methods, we can begin to characterize the
spatial extent and nature of riverine influence in coastal waters. We have run several
correlation analyses in which radiance data lagged the discharge by one or more months.
Preliminary results are promising and may contain information about the movement and
persistence of sediment plumes and the delayed response of phytoplankton growth
stimulated by the delivery of riverine nutrients.
Research along these lines will continue as we intend to document the relationship
between the riverine delivery of constituents and any corresponding optical variability in
the neighboring coastal ocean on a continental scale. The main goal of our research is to
examine and model the land-ocean linkage to understand whether terrestrially based
biogeochemical processes are coherently coupled to the variability in the optical
characteristics of neighboring coastal waters. This research augments the efforts of our
group5 to develop site-specific algorithms for retrieving concentrations of chlorophyll,
sediment and dissolved organic carbon in coastal waters.

5 Bio-optical Oceanography Group, Ocean Process Analysis Laboratory, Institute for the Study o f Earth,
Oceans, and Space, at the University o f New Hampshire.
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vmcsim.

Fig. 2.1a. Spatially mapped correlation coefficients between the Mississippi River discharge at
Vicksburg and normalized water-leaving radiances in SeaWiFS 443nm band. Correlations were
computed from time series of monthly averaged data between September 1997 and October 2000. (a)
Negative correlations between the discharge and the 443-nm band suggest that the Mississippi River
is the source of organic m atter absorbing in this blue band.
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Fig. 2.1b. Spatially mapped correlation coefficients between the Mississippi River discharge at
Vicksburg and normalized water-leaving radiances in SeaWiFS 555nm band. Positive correlations
between the discharge and the 555-nm band suggest that light-scattering particles (presumably
sediments) are concentrated near the mouth of the river.
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Fig. 2.2. Spatially mapped correlation coefficients between the Orinoco River climatological discharge and
the 443-nm normalized water-leaving radiance from SeaWiFS for monthly averaged data between
September 1997 and October 2000. The area of high negative correlation is believed to be the area
influenced by the Orinoco River. The adjacent region of high positive correlation west of the plume is an
area where upwelling-induccd phytoplankton blooms are out of phase with the Orinoco discharge.
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Fig. 2,3. Areas of interest in the northern G ulf of Mexico and the W estern Caribbean. The regions outlined show
the locations of Figures 2.1 and 2.2. G raphs at the right illustrate the coherence between the time scries of monthly
average river discharge and water-leaving radiance data from SeaWiFS for the period September 1997 to October
2000. In each graph, the satellite data have been averaged over boxes of size 8 x 8 pixels (72 x 72 km2) at locations
indicated on the map. W here radiance and discharge are negatively correlated, we have plotted the reciprocal of
radiance (graphs B and C).
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Abstract
Spatio-temporal correlation analyses were performed on time series of daily
freshwater discharge, wind fields, and SeaWiFS-derived surface sediment concentration
in the northern Gulf of Mexico. The influences of discharge and winds on surface
sediment concentration were investigated by mapping temporal correlation coefficients at
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each pixel for the whole time series (1997-2000) and for each season during 1999 and
2000. Maps of the correlation between suspended sediment concentration and river
discharge indicate regions that are fluvially influenced, whereas maps of the correlation
between wind stress and sediment indicate regions where wind mixing accounts for
sediment resuspension and subsequent transport. Regions of significant positive windsediment correlation were independent, and often spatially separated, from regions of
strong positive discharge-sediment correlation. Thus, the influences of winds and
discharge on sediment distributions can be investigated independently.
Regions of high wind-sediment correlation were associated with shallow shelf
areas, as correlation contours generally followed the bathymetric contours, and expanded
in size under offshore wind regimes. These areas exhibited less spatial and temporal
variability than the regions of high discharge-sediment correlation associated with the
Mississippi-Atchafalaya river system. Where the Mississippi discharge itself was
influencing the temporal patterns in the sediment concentration, it had no apparent
relationship to the extent of the plume or its orientation. Instead, the spatial extent and
orientation of the plume appeared to be a function of both wind direction and wind speed.
Although this river system exerts the greatest influence on the northern Gulf of Mexico,
the discharges from several smaller rivers covary with that of the Mississippi-Atchafalaya
during certain seasons, and thus affect the spatial correlation maps associated with the
Mississippi-Atchafalaya system.
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Introduction
Knowledge of the source, transport and fate of suspended sediment in the coastal
ocean is of critical importance because of the co-occurrence of sediment with pollutants,
nutrients and carbon constituents. Large rivers, the major conduits linking terrestrial and
coastal marine environments, are integral systems in the delivery and cycling of
minerogenic and bioactive constituents. The role of river-borne sediments as carriers of
organic and elemental pollutants from the land to the coast has been described in detail
(Meybeck, 1982; Long, 2000; Villesuca, 2000). Suspended sediments alter light
availability in the water column, and thus are an important factor regulating the spatial
and temporal patterns of coastal productivity (Chen, 2000; Lohrentz et al. 1999;
Demaster and Smith, 1996; Cloem, 1987). Coastal sediment plume regimes are sites of
intense downward particle flux, and riverine-delivered sediments are a substrate for
vigorous biogeochemical activity (McKee et al. 2002; Amon and Benner, 1996). The
transformation and fate of riverine particulate (and dissolved) carbon constituents in
coastal waters is a critical issue in the understanding of global carbon cycling. In light of
global and regional issues arising from the interaction of land-derived particulate
constituents in coastal waters, a better understanding of the spatial and temporal
dynamics of suspended sediments in coastal waters is needed.
To study the presence and transport of constituents in coastal waters requires the
ability to make measurements over large spatial domains at relatively high spatial and
temporal resolution. This requirement coupled with financial considerations limits the
use of in-situ shipboard measurements in studies covering vast coastal domains. Satellite
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remote sensing provides the only reasonable means of obtaining the synoptic data
required for such a study. Several investigators have used satellite data in the study of
the source, trajectory and fate of riverine plumes. These investigators have used a variety
of sensors including Landsat (Rouse and Coleman, 1976; Stumpf, 1988), the Coastal
Zone Color Scanner (CZCS) (Muller-Karger, 1989; Muller-Karger et al, 1991; Tassan
and Sturm, 1986), the Advanced Very High Resolution Radiometer (AVHRR) (Siegel
and Gerth, 2000; Walker, 1996; Walker et al. 1994; Stumpf, 1992; Stumpf and Pennock,
1989), and the Sea-viewing Wide Field-of-view Sensor (SeaWiFS) (Mertes and Warrick,
2001; Siddom et al. 2001; Salisbury et al. 2001).
To investigate the correlation of wind and discharge with surface sediment
concentrations we have used time series of SeaWiFS data, gridded wind products from
the National Centers for Environmental Prediction (NCEP), hourly buoy data from the
National Data Buoy Center (NDBC), and daily discharge data from the United States
Geological Survey (USGS) and United States Army Corps of Engineers (USACE). We
hypothesize that there are time-varying land-based processes (e.g. terrestrial fluxes to the
coast), which covary predictably with ocean color fields proximal to river discharge
points. Furthermore, we believe it possible to gain understanding of the presence,
transformation and fate of riverine constituents through knowledge of the spatio-temporal
distribution of the ocean color field.
In this study, we demonstrate these concepts in the northern Gulf of Mexico.
Within three-month seasons in 1999 and 2000, we determine and map the correlation
between (a) the Mississippi’s discharge and SeaWiFS-derived surface sediment
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concentration, and (b) NCEP-derived local wind stress and the SeaWiFS-derived surface
sediment concentration. We then investigate the role of wind stress and wind direction
on the position and extent of the Mississippi plume.

Background
The northern Gulf of Mexico contains biophysical systems of considerable
regional and global significance. This is particularly true of the vast area of the Gulf
influenced by North America’s largest river, the Mississippi. This region is highly
productive in terms of phytoplankton (Hitchcock et. al, 1997) and zooplankton (Ortner et
al. 1989) abundance and contributes over a quarter of the total fisheries production (in
dollar value) in the United States (NMFS, 2002). Productivity in the region is enhanced
by the Mississippi’s nutrient enrichment, which has been substantially impacted by
anthropogenic activity over its extensive drainage basin in recent years. Indeed, it is
estimated that in the last 40 years, inorganic nitrogen fluxes to the Gulf have doubled
(Goolsby, 2001; Rabalias et al. 1996) and silicate fluxes have decreased (Turner et
al.,1998; Justic et al. 1995) as a result of this activity. Excessive productivity has led to
deleterious consequences such as the well-publicized seasonal hypoxic events that occur
west of the Mississippi Delta (Justic et al. 2002).
In terms of climatological discharge, the Mississippi is the largest North
American river and the 6th largest river in the world (Fekete et al. 1999). It drains over
40% of the contiguous United States, with much of its basin involved in agricultural
activity (Goolsby, 2000). The Mississippi River is the dominant source of sediment to
the northern Gulf of Mexico. Based on data from 1963 to 1979 the Mississippi25
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Atchafalaya System had an average suspended sediment delivery of approximately 210 x
109 kg y'1(Milliman and Meade, 1986). Although this figure is widely quoted, at present
the annual flux is thought to be less due to sediment retention in recently built reservoirs
and improved agricultural practices (M. Meybeck, personal communication, 2002). For
example, during the period o f study, Jan. 1,1999 to Dec 31,2000, the Mississippi
delivered approximately 91.2 x 109 kg y'1of suspended sediment of which -1.4 x 109 kg
y 1was particulate organic matter (NAQUA, 2001).
The area of study is the northern Gulf of Mexico as shown in Figure 3.1.
Although there are several rivers that contribute substantial discharge to the study area
(eg. Appalachicola, Alabama-Tombigbee), the Mississippi typically accounts for over
60% of the total discharge (Fekete et al. 1999). Freshwater from the Mississippi has been
reported to extend over 1000 km to the west (Vastano, 1995; Dinnel and Wiseman, 1985)
and has been observed 700 km to the southeast, exiting the Gulf through the Florida
Straits and thus occasionally entering the western Atlantic. A contiguous salinity signal
from the Mississippi was mapped as far north as Georgia (Atkinson and Wallace, 1975).
Water from the Mississippi enters the Gulf of Mexico through two major
distributaries. The main stem of the Mississippi carries -70% of the discharge through a
bird’s foot delta and enters the Gulf in deep water beyond the shelf break. The
Atchafalaya, which has been engineered to carry the remaining -30% of the discharge,
exits onto a broad inner shelf environment with water depths of only -5 m. The diurnal
tidal range, which is small in this region (~ 20-40 cm), typically generates surface
currents less than 15 cm s 1 (Murray, 1972; Adams et al. 1982). Tidal components were
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shown to have a minimal effect on Mississippi plume morphology (Walker, 1996), and
probably do not play a major role in sediment resuspension and transport processes (see
Booth et al. 2000). In shallow shelf environments such as the vicinity of the Atchafalaya
discharge and the Louisiana-Texas Shelf, intermittent wind-induced mixing and waveinduced resuspension of sediment is common (Allison et al. 2000; Drake and Cacchione,
1986). Intense wind events associated with the passing of low-pressure systems on 3-7
day time scales (from October to April) are thought to be the dominant mechanism for
sediment transport to deeper waters in this region (Allison et al. 2000).
The orientation of freshwater proximal to the Mississippi’s discharge points is
primarily regulated by wind and subsequent current patterns. Although winds in the
northern Gulf of Mexico exhibit no distinct seasonal cycle (Gutierrez de Velasco, and
Winant, 1996), a bimodal wind regime is common during most years. Cochran and Kelly
(1986) illustrated that persistent easterly winds over the northern Gulf tend to set up a
westward flow over the shelf throughout much of the year. During the summer, however,
westward flow is often interrupted by periods of southerly to westerly winds that will
induce eastward and southward flow regimes. The westward flow is usually re-instituted
in the fall with the onset of northerly to easterly winds.
In addition to bimodal flow brought on by seasonal wind variability, flow near the
shelf edge is modified by the Coriolis effect as well as eddies and filaments shed by the
Loop Current. Biggs and Muller-Karger (1994) and Muller-Karger (2000) describe
enhanced eastward and southeastward flow of the Mississippi’s plume in the presence of
anticyclonic eddies located seaward of the plume. Surface imagery of the sediment
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plume often reveals an anticyclonic eddy close to the discharge point at South Pass
(Rouse and Coleman, 1976; Salisbury et al, 2001; Walker, 1996). Although this could be
explained by the Earth’s rotation, the Mississippi plume has a Kelvin number less than 1
(Garvine, 1995), and thus the Coriolis acceleration plays a smaller role in the
development of plume morphology compared to the combined effects of winds and
currents.

Data and Methods
Ocean Color Satellite Data
Level-2 SeaWiFS data were obtained from the NASA Goddard Distributed Active
Archive Center (Goddard-DAAC). These data (known as global area coverage or GAC
data) comprise 1-km pixels subsampled at 4-km resolution. They had been processed
with the SeaDAS version 4.0 software (Baith et al. 2000) using the atmospheric
correction algorithm of Siegel et al. (2000), and the OC4v4 chlorophyll algorithm
(McClain et al. 2000; O’Reilly et al. 2000). The resultant chlorophyll (CHL) and
normalized water-leaving radiances (nLw) in the first 6 bands were then mapped to the
projection shown in Figure 3.1, and passed through a 3 x 3 median filter to remove the
speckling often associated with radiance in band 6 (670 nm). Daily images of CHL and
nLw were produced for all available days from 9/20/97 (the beginning of the SeaWiFS
mission) to 12/31/00.
Sediment concentration at each pixel was calculated using an algorithm that was
based on the water leaving radiance at 670 nm (SeaWiFS band 6). Reflectance of light at
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this wavelength tends to be enhanced in the presence of suspended sediments (Whitlock
et al, 1981), whereas it is least affected by the biological and photochemical variability
found in optically-complex coastal waters (IOCCG, 2000). In the Mississippi plume,
there is considerable absorption due to organic carbon constituents, even at 555 nm (Del
Castillo, pers. comm., 2002).
In earlier work, we used the 670-nm radiance as an index of sediment
concentration, but the relationship between nLw(670) and sediment concentration is
nonlinear at high concentrations. In this work, we chose a sediment concentration
algorithm based on an algorithm of Walker (1996) that was developed for
atmospherically-corrected AVHRR data and parameterized for the Mississippi River
plume. The algorithm of Walker was based on the semi-analytic model of irradiance
reflectance described by Stumpf and Pennock (1989).According to this model,
irradiance reflectance in a moderately turbid estuary is dominatedby thebackscattering
of sediment. It is modeled as:
y F
R=- y 1+ G/n

(3.1)

where n is the suspended sediment concentration in mg L'1; y is a nonspectral constant
(y = 0.178), and where
b*
F = --------a* + b *

(3.2)

G = — ——
a* + b *

(3.3)

and
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In these equations, a* and b* are the specific absorption and backscattering coefficients
for sediment, and ax is the absorption coefficient for non-sediment materials. Solving (1)
for n, we obtained the formula:
n = ----------y-F-R

(3.4)

Both F and G are spectrally variable, and G is a function of the concentration of
chlorophyll and other constituents. However, at the red end of the spectrum, G can be
considered nearly constant (Stumpf and Pennock, 1989) for at this wavelength,
absorption is dominated by water. For these parameters, we used the values F = 0.35 and
G = 30.3 proposed by Walker (1996) for the Mississippi River plume. The Walker
algorithm was applied to atmospherically corrected reflectance in the AVHRR visible
band (580 - 680nm). We applied the same algorithm to the SeaWiFS band 6. Water
leaving radiance at 670 was converted to reflectance by dividing it by Ej/Q =153.41,
where Ed is the downwelling solar irradiance at 670 nm, and Q is the ratio of irradiance to
radiance.
When applied to the SeaWiFS data, this algorithm gave reasonable results, but
admittedly, it has not been validated. Any sediment algorithm should be carefully
validated with in situ measurements before it is used for quantitative assessments of
sediment flux. However, for the purposes of this analysis, we required an algorithm in
which sediment varied monotonically with nLw(670), and which did not give
unrealistically high values at high radiance levels. The present algorithm satisfied these
criteria, whereas others we tested (e.g. Tassan and Sturm, 1986; Myint and Walker, 2001;
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and Clark, 1997) did not. Patterns seen in 8-day average sediment concentration maps
(e.g., 4-18-99 to 4-25-99, figure 3.2) were similar to those reported by Walker (1996).
For example, in the image shown in figure 3.2, the mean sediment concentration was 16.7
mg L"\ and the median concentration was 9.6 mg L '1 in turbid waters less than 40 m
deep. These levels compare favorably with sediment concentrations in this region
(Walker, 1996, Stumpf et al. 1993) and in other river-dominated coastal waters (Siegel
and Gerth, 2000; Stumpf and Goldschmidt, 1992). For all regions of significant fluvial
influence (as defined below) in the SeaWiFS data analyzed in this study, the mean and
median sediment concentrations were 2.38 and 1.30 mg L '1, respectively.
Questions may also be raised concerning whether or not the algorithm is merely
tracking products of the abundant productivity stimulated by the Mississippi’s nutrient
discharge. Using a cloud-free image (4/20/99), we found that the sediment and
chlorophyll values, both derived from SeaWiFS data did not covary significantly (r2 =
0.02, n = 3987) within the turbid coastal waters (< 40 m). In contrast, there was a highly
significant correlation between the two products (r“ = 0.31, n = 5928) in the less turbid
deeper waters (> 40 m), where presumably much of the suspended sediment is
attributable to phytoplankton detritus. Because the covariance between satellite derived
sediment and chlorophyll concentrations is low in coastal provinces yet high in oceanic
provinces, we feel the chosen algorithm is doing a reasonable job of discriminating
suspended sediment within turbid waters.
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Wind data
A time series of daily NCEP winds and hourly buoy measurements of wind speed
and direction were used in this study. Global gridded (1-degree) meridional and zonal
wind speed data were obtained from NCEP. These wind fields are produced 4 times
daily (00Z, 06Z, 12Z or 18Z, where Z refers to Greenwich Mean Time). The data at 18Z
were used in this study, as they are the data closest in time to the SeaWiFS satellite pass.
From the wind speed components, we computed wind stress using the algorithm of Large
and Pond (1981). The NCEP wind data were gridded to 4 km to correspond with the
SeaWiFS data.
In addition, hourly measurements of wind speed and direction for the period
1/1/1999 to 12/31/2000 were obtained for three stations managed by the NDBC. The
wind data stations (shown on Figure 3.1) were identified as station BURL-1 at Southwest
Pass, LA; buoy 42040, south of Dauphin, AL; and buoy 42039, south of Pensacola FL.
The data stations selected provided excellent temporal coverage, reporting over 97% of
all possible hourly readings. These data were pooled, temporally sorted, and hourly wind
stress (Large and Pond, 1981) was calculated from the wind speed data. Histograms of
wind speed and wind direction were generated for each 3-month season. Wind direction
histograms are commonly reported in the form of wind roses (Figure 3.3) where the wind
direction is the direction from which the wind originates. Thus, for example, a northerly
wind is blowing towards the south. For the analyses related to wind direction in this
study, we weighted the wind directions by the wind stress and formed stress-weighted
wind roses. In some seasons (Figure 3.3) the two wind rose patterns are quite distinct.
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The stress-weighted wind directions indicate the dominant directions of wind-forced
momentum flux into the ocean (J. Pringle, pers. comm., 2002).

Discharge data
Daily measurements of river discharge for the Mississippi River at Tarbert’s
Landing were obtained from the United States Army Corps of Engineers. For other large
rivers emptying into the northern Gulf of Mexico, daily data for the station most proximal
to the coast were obtained from the USGS. These data were used to investigate the
extent to which the discharges from other rivers covary with the Mississippi discharge,
thus affecting the results presented. The correlation between the Mississippi River
discharge and that of other large rivers varied seasonally and interannually (Table 3.1),
and in some seasons, discharges from the smaller rivers were negatively correlated with
that of the Mississippi. The Atchafalaya was the most highly and consistently correlated
with the Mississippi, as expected, and thus we consider the results to represent fluvial
influence by both rivers. Discharge for the Mississippi was slightly below the 1950-1997
average in 1999 and well below that average in 2000.

Correlation methods
Correlations were computed from 8-day averaged data compiled for 1997 - 2001,
and daily data compiled seasonally for the calendar years 1999 and 2000. When this was
done initially, without screening the data, we sometimes found regions of high correlation
between discharge and sediment located far offshore. These anomalous values were the
result of dividing the covariance by a small (nearly zero) standard deviation. Covariance
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maps (instead of correlation maps) did not exhibit this problem, but covariances were
unsatisfactory because they have little physical meaning. We subsequently found that
coastal regions could be distinguished from offshore areas based on a threshold value for
the temporal variance of the sediment concentration. (Others authors have simply used a
threshold for the sediment concentration, but we obtained better results by using a
variance threshold). For all analyses, we eliminated pixels in which the temporal
standard deviation was less than 0.05 mg/L. For the remaining pixels, the average 90-day
temporal standard deviation was 0.52 mg/L (the median concentration was 2.68 mg/L).
By masking out pixels in which the temporal variance of the sediment field was low, we
effectively removed the oceanic waters of low sediment concentration from the analyses.
At every remaining unmasked pixel, the correlation between suspended sediment
concentration and the Mississippi discharge and between the sediment and wind stress
were computed and mapped using the time series of discharge, NCEP wind stress, and
sediment concentrations. In figure 3.4, we show the time series at two locations to
illustrate the degree of coherence between signals where there is a high positive
correlation between discharge and sediment concentration (r > 0.7, see box A, Figure
3.5a), and between wind and sediment (r > 0.6, see box B, Figure 3.5b).
To define regions of significant influence either by winds or discharge, we
calculated a statistical confidence level for each pixel. The confidence level was defined
as one minus the probability of obtaining that correlation from a pair of random,
uncorrelated time series. Only pixels whose correlations had a statistical confidence of
95% or greater were mapped, [i.e., The hypothesis Hq: correlation = 0 was tested at each
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pixel, and only pixels for which this hypothesis was rejected at the a = 0.05 level were
retained.] Thus, we delineated regions significantly influenced by the forcing of winds
or discharge. Later we discuss (see below) the meaning of significance in this context.
Finally, for discharge-sediment correlations, we used an algorithm to gather only
those pixels proximal to the Mississippi and Atchafalaya Rivers that were significantly
correlated with the discharge. The algorithm searches out from the discharge points of
the two rivers until it encounters correlated pixels and stops searching when a break in
the connectivity is found. By this method, we attempted to eliminate pixels that were
influenced by other rivers whose discharge co-varied with the Mississippi.

Results
Correlation maps based on the 8-day averages for the full time series (9/20/97 to
12/31/00) reveal the long-term patterns (Figure 3.5). A region of high correlation (r >
0.7) between the Mississippi discharge and sediment concentrations (Figure 3.5a) was
located near the delta and a region of significant but lower correlations extended eastward
toward the Alabama coast. This region of fluvial influence was spatially separate from
the regions where wind stress-sediment correlations were significant (Figure3.5b). The
wind-influenced regions were associated with shallow shelf areas, as one might expect.
The boundary of the wind-influenced region off the Louisiana - Texas coast is aligned
with the 100-m isobath, and the waters with highest correlation (r > 0.6) had depths less
than 50 meters. It should be noted that often there are no data in the region adjacent to
Atchafalaya Bay. This is a shallow (< 10m) and exceptionally turbid region where the
SeaWiFS data often failed various quality tests in SeaDAS. Thus, the number of
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sediment determinations here tended to be low for the 3-month runs (~5), and the pixels
often were eliminated because they failed the statistical test for significance. This is a
region of intense sediment resuspension that is also strongly affected by the discharge of
the Atchafalaya. Since the discharge and wind time series are generally uncorrelated, the
correlations based on a single series were not significant.
A contiguous region in which the discharge is significantly positively correlated
with the sediment concentration will be referred to as a region of fluvial influence (RFI).
A region of significant positive wind stress - sediment concentration correlation will be
referred to as regions of wind influence (RWI). In figure 3.5c, contour lines outlining the
RWIs of Figure 3.5b are drawn on the discharge-sediment correlation map of Figure
3.5a. This format enables simultaneous viewing of the regions influenced by discharge
and wind stress, and is used in the following figures. In this figure, the two regions fit
together like pieces of a jigsaw puzzle, but this was not always the case. When the
regions are disjoint, this indicates dominance by one of the two sediment mobilization
and/or transport processes (i.e. sediment delivery by rivers versus wind-driven
resuspension and subsequent transport). We infer that a combination of buoyant flow,
wind stress and its Ekman response are the primary determinants of the position of the
RFI, and that the RWI is largely an expression of wind-driven processes of resuspension
and transport from shallower to deeper waters.
The following eight figures (3.6a - 3.6h) show correlation maps that were
generated using daily SeaWiFS-derived sediment maps and daily discharge. These were
run over three month (90- 92 day) periods starting with January - March 1999 and ending
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with October —December 2000. Each of the correlation maps is accompanied by figures
showing a histogram of wind speeds and a stress-weighted wind directional rose for the
same period. Table 3.2 gives the areas of the RFI and RWI for each of the seasonal
correlation runs as well as the average discharge, average wind speed, and the wind
direction mode.
During the period January - March 1999 (figure 3.6a), winds were bimodal. The
primary mode was from the north and the secondary mode from the southeast. The RFI
was located to the southwest of the Mississippi’s discharge point, and its orientation was
northeast-southwest in response to the bimodal wind regime. The trajectory of the RFI
can be explained by advection set up by the dominant offshore wind accompanied by
Ekman transport to the right of the direction of the wind field. Alternatively, the
trajectory of the RFI could be the result of advection under the influence of both modes
of the wind field (north and southeast). As in most other correlation runs, the RWI is
confined to shallow waters, most notably the Louisiana - Texas shelf and near coastal
Mississippi, Alabama and Florida.
A very different situation existed in April —June 1999 (figure 3.6b). During this
period, the RFI originates west of the Atchafalaya outfall and is positioned tightly against
the Louisiana - Texas coast. This orientation represents the likely position of a buoyant
water parcel originating from the Mississippi/ Atchafalaya in the presence of a
downwelling wind regime (Fong and Geyer, 2001). This could be due to the combined
response of advection from the westward flow driven by the along shore component of
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the wind stress and Ekman dynamics moving the plume toward the coast. The RWI was
the smallest measured (Table 3.2) and like the RFI, it was close to the coast.
During the July - September 1999 time period (figure 3.6c), the RFI extended
both to the east and west of the Mississippi delta, and was the largest in total area (4.74 x
104 km2) of any season studied (Table3.2). This was a period of light average winds,
modest discharge, and warm sea surface temperatures, conditions that support
stratification. As suggested by Walker (1996), stratification of the water column plays an
important role in the way a plume responds to wind forcing. Specifically, under highly
stratified conditions where little wind mixing occurs, a buoyant plume will spread
horizontally and can be easily advected in the presence of light winds (Kudryavtsev and
Soloviev, 1989). During this period, the area of the RWI was small (1.54x10s km2), the
second smallest in the study, and probably also a response to the light average winds
recorded during this time. The bi-directional orientation of the RFI can be partially
explained by wind advection. The plume waters were subjected to a bimodal wind regime
with the primary mode coming from the west. It should be noted, however, that it is quite
possible that an anticyclonic flow regime set up by the presence of warm core rings also
influenced the flow. Sea level anomaly maps supplied by the Naval Research Laboratory
(http://www7300.nrlssc.navy.mil/altimetry) indicate the presence of a persistent positive
anomaly directly south of the RFI during this time period.
During October - December 1999 (figure 3.6d), the RFI originated from both the
Mississippi and the Atchafalaya rivers. During this time period, the discharge was the
lowest (1.72 x 107m3 s'1) and the average wind speed was high (6.27m s'1). The winds
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were from the northeast and a combination of advection and Ekman transport could
explain the orientation of the plume. The large area of the RWI (4.61x10s km2) is
presumed to be the result of offshore transport of sediment during the northeast wind
regime.
In the period from January - March 2000 (figure 3.6e), the RFI had the smallest
area (0.84 x 104 km2), and the RWI, generally confined to two patches west of the
Mississippi, was also relatively small (2.19x 105 km2). Although the discharge was lower
than average during this period (2.85 x 107 m3 s'1), an explanation for the size and
orientation of the RFI based on our understanding of the environmental factors is not
obvious.
During the subsequent period of April - June 2000 (figure 3.6f), the RFI had
nearly doubled in size, with an elongated patch of high correlation (r > 0.6) that was
oriented east-west with a small lobe protruding to the southwest. The westward
elongation of plume waters is partially explained by the along shore component of the
geostrophic wind; however a response to Ekman dynamics is apparently absent.
Throughout April, 2000, there were several episodes in which wind blew from the
northern quadrant at speeds greater that 8.5 m s'1 for durations of several hours. Smaller
spikes from the north in the directional histogram is the expression of these winds, which
would help to explain the southwesterly protrusion in the RFI. The smaller RFI northeast
of the Mississippi is probably associated with covariance of rivers to the northeast (Pearl:
r2 = 0.69; Alabama/Tombigbee: r 2= 0.50; Pascagoula: r2 = 0.53).
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The period July - September 2000 (figure 3.6g) experienced a wind regime that was
similar to the wind regime of both July - September 1999 (fig. 6c). In both cases, the
stress-weighted wind direction was predominately from the west with a secondary mode
from the northeast, and most of the RFI was located east of the Mississippi mouth. These
were the only two periods analyzed in which winds blew primarily from the west. The
region of high discharge-sediment correlation northeast of the Mississippi is unexplained.
It is probably not associated with the Alabama/ Tombigbee river discharge which was
negatively correlated with the Mississippi discharge during this period
(Alabama/Tombigbee: r = -0.26). Furthermore, the position of this patch cannot be
adequately explained by the wind regime either.
A bi-directional RFI of high correlation and the largest RWI were observed for
the October - December 2000 period (figure 3.6h). This was a period of high average
(6.47 m s'1) and persistent northeast winds. One lobe of the RFI emanating from the
Mississippi was oriented to the southeast as would be expected under a northnortheasterly wind regime. Less obvious is the RFI to the northeast of the Mississippi
mouth. This may be attributable to the other rivers in that region, which covaried
strongly with the Mississippi during the period of analysis (Pearl: r2 = 0.63;
Alabama/Tombigbee: r2 = 0.68; Pascagoula: r2 = 0.79). We believe that strong winds in
the offshore direction are most favorable conditions for the development of a large RWI
as this presents good potential for resuspension and offshore transport. This is supported
by the two largest RWIs occurring during October - December 1999 (figure 3.6d) and
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2000 (figure 3.6h) when the average wind was high and predominately from the
northeast.

Discussion
We investigated the correlation of suspended sediment with wind and discharge
data in the northern Gulf of Mexico using a simple correlation model. Before discussing
the results of this study, we will first discuss our rationale for defining a significantly
influenced region. We assigned a significance level to the correlations based on a simple
statistical hypothesis test performed at each pixel. From the number of pairs of
observations in the time series at any pixel, a correlation value was determined that
would be required to reject the hypothesis of zero correlation at the a = 5% level. If the
computed correlation exceeded that level, then it was considered significant, and that
pixel was included in the significantly influenced region.
If the null hypothesis were true (i.e., there was no correlation between the two
series), one would expect that about 5% of the pixels tested would be considered
significantly influenced given the choice of c l, the probability of rejecting a true
hypothesis, of 5%. In the case of a satellite image, we would expect somewhat more
significant pixels since adjacent pixels are correlated with one another. To explore this
issue, we randomly reordered (i.e., scrambled) the discharge time series and computed
the sediment-discharge correlations for randomly selected 3-month time series. This was
repeated 100 times. The number of significant correlations found in these uncorrelated
runs was about 11% of those found when the discharge series were intact. Furthermore,
the significantly correlated pixels were not distributed in spatially coherent RFIs, such as
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those shown in figures 3.5 and 3.6. Although this set of simulations could have been
used to determine the level of significance more rigorously, we decided to use the simple
method described above. The actual level of significance is not important, as long as
there is a consistency in how it is defined. By this method, we were able to separate the
RFIs and RWIs, and to observe their seasonal and interannual variation.
Our study emphasizes the influence of discharge and wind on the distribution of
suspended sediment in riverine influenced coastal waters. The wind field in the northern
Gulf of Mexico and the Mississippi discharge vary on different temporal scales.
Typically, variability in both the direction and intensity of the wind is dominated by the
passage of seasonal cold fronts, which occur with a frequency of 3 - 7 days (Chuang and
Wiseman, 1983). Mississippi discharge varies on an annual cycle with subannual
variability dependent on the distribution of precipitation over the drainage basin and
differential routing characteristics. We identified two distinct sediment provinces (RFIs
and RWIs), each with the expression of a different temporal regime. In the RFI, time
varying sediment concentrations are significantly correlated to the Mississippi discharge
while in the RWI, sediment concentrations are significantly correlated to local wind
stress. We infer that the RFIs are influenced by sediment-laden discharge of the
Mississippi and Atchafalaya Rivers, and RWIs are influenced by wind driven
resuspension and subsequent transport processes.
The seasonal variability in the spatial orientation of the DIR was an important
finding. Considering all analyses, the distal extent of the RFIs had a spatial range of over
1000 km, indicating that the Mississippi can influence vast regions of the Gulf of Mexico.
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In most cases, the variability in the orientation and trajectory of the RFI could be
explained by a combination of wind stress, direction, and Ekman dynamics. The
alongshore component of the geostrophic wind appears to be largely responsible for the
orientation of the plume during most seasons, and Ekman transport (movement to the
right of the wind vector) is usually apparent. The effects of tides, Coriolis acceleration,
or the presence of eddy structures were not considered here. However, it is probable that
a warm-core eddy influenced the RFI during July - September 1999.
The surface area of the RFI was not a function of discharge, as the larger RFIs
were associated with low to modest discharge regimes. Instead, this study corroborates
the suggestion of Walker (1996) that the Mississippi River plume responds differently to
winds under varying conditions of buoyant stability. Although we had no knowledge of
the actual status of buoyant stability, riverine discharge and high sea surface temperatures
suggest stratified conditions. If these conditions are accompanied by light winds that do
not break down the stratification, the plume can spread with little resistance. As
evidence, the two largest RFIs (July-September 1999 & 2000) were found during such
conditions.
In spite of the fact that discharge was quite different in 1999 and 2000, there were
similarities in the seasonal patterns of the two years studied. For example, the two
smallest DIRs occurred in January through March of both years. In addition, the
occurrence of RFIs primarily to the east of the Mississippi happened only in July through
September of both years. We infer these similarities are a result of similar wind fields in
both years during these seasons (See Table 3.2).
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The areas identified as discharge influenced were sometimes found in waters
where river-borne sediments are normally not found. We attempted to eliminate spurious
high correlations offshore by masking pixels with low temporal variances, but there
remained high correlations in waters far removed from the mouths of the Mississippi and
Atchafalaya rivers. As indicated previously, we found that sediment and chlorophyll
concentrations covaried in offshore waters ( r = 0.31, n = 5928), whereas there was no
significant correlation in more turbid waters (r2 = 0.02, n = 3987).
By way of explanation, we suggest that in turbid waters the biological and
sedimentological processes are uncoupled, but in clearer waters the covariance analysis is
affected by biological processes. There are at least two reasons for this. Nutrients
carried in the Mississippi plume enhance productivity, particularly at the euphoric, distal
reaches of the plume (Lohrentz et al. 1999). Abundant detrital by-products found within
eutrophic waters can increase the backscatter at 670nm, and thus affect the sediment
algorithm results (Mark Dowell, pers. comm, 2002). Secondly, solar-stimulated
fluorescence of chlorophyll a will increase the upwelling radiance at 685nm, which will
also affect the sediment algorithm in eutrophic waters. In either case, the enhanced
production is affected by the river discharge, and even though the signal may not be
accurately interpreted as increased sediment, the waters are nevertheless fluvially
influenced as indicated by their covariance with discharge.
Wind influenced regions (RWIs) were generally constrained to shallow waters
with the seaward extent of the largest reaching the 100m contour. We believe RWIs are
initially formed by wind generated resuspension processes which occur only in shallow
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waters, and as such, there was less spatial variability displayed by the RWIs compared to
the RFIs. RWIs tended to be smaller when average winds were light and largest when
they were strong (See Table 3.2). The two largest RWIs occurred during the months of
October through December (1999 and 2000) when the stress-weighted wind was
predominately from the northeast. We infer that northeast winds aided the offshore
transport of sediment, thus increasing the spatial extent of the RWIs.
A surprising finding was the degree to which the RFIs and RWIs were spatially
disjoint. This highlights the independence of the two sediment-influencing processes and
the lack of correlation between the discharge and wind data. Note that these two regions,
each with relatively high sediment concentrations, could not be distinguished in
conventional satellite-derived sediment maps such as Figure 3.2. We have demonstrated
that it is possible to distinguish the two regions by their covariance with the processes
affecting the sediment concentration. Using these methods, investigators interested in
ecosystems dominated by one process or the other can confine the focus of their work.
Further, we believe that these methods and findings represent an important step toward
tracking the transformation and fate of riverine and wind - influenced constituents.
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Video Loop (available at ftp//eos.unh.edu/pub/outgoing/joe/salisbury_etal.avi)
The journal to which this paper was submitted includes a compact disk. For the
CD we have provided a video loop entitled “Covariance of Mississippi discharge and
satellite-derived sediment estimates January1, 1998 to December 2000”. This loop
demonstrates the behavior of the RFI and its resDonse
to wind stress over time. To make
A
the loop we ran individual 70-day correlation analyses for the entire time period
indicated, making individual images of each analysis. A total of 1055 images were
composited to create the loop and each was filtered using a 5x5 median filter. The date
of the beginning of the individual correlation runs is printed in the upper right of each
image. To the right are wind rose histograms corresponding to the 70 days of data used
in the correlation analyses. Each directional count has been weighed by the wind stress
value to emphasize the directional components from which the wind is most intense. (See
text for details)
The video loop highlights several of the points made in the paper and
demonstrates the considerable spatial variability in the RFI as it moves through time.
Unlike analyses documented in the text that used a search algorithm to select
significantly correlated pixels proximal to the Mississippi outfall, all pixels correlated
with Mississippi discharge in the northern Gulf of Mexico are represented. Also, no
variance mask was used on these data. Larger rivers whose discharge covaries with the
Mississippi are likely to express a correlation structure near the river mouth. Such
structures can be seen at the mouths of the Alabama, Suwannee and Sabine Rivers.
Interesting excursions of the RFI to the south and east can be seen in late summer, early
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fall for 1998 and 1999. Although the trajectory of the RFI can be partially explained by
the wind field, this region was under the influence of anticyclonic circulation set up by
warm core incursions (Muller-Karger, 2000).
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Table 3.1
Correlation values betw een th e Mississippi’s discharge and the rivers indicated in
th e table for the 3-month periods

rMw laicuaya

A AA

U.ZfC.

0.35

A AA
u.bo

0.88

0.S6

A AA

U.90

A A-T

U.3/

u.o/

Sabine

0.24

-0.11

0.58

0.46

0.39

-0.10

0.20

0.75

Brazos

0.21

0.31

0.83

0.43

0.43

-0.14

0.57

0.27

Pearl

0.47

0.07

0.82

0.46

0.21

0.69

0.61

0.63

Pascagoula

0.29

0.03

0.81

0.25

0.11

0.53

0.51

0.79

Alabama/Tombig.

0.25

-0.15

0.72

0.38

0.07

0.50

-0.26

0.68

Apalachicola

0.54

-0.18

0.81

0.42

-0.19

0.49

-0.49

0.40
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TABLE 3.2 goes here
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Figure 3.3 Wind roses for hourly winds (left) and for stress-weighted winds (right) for the period JulySeptember, 2000, based on three buoys. Concentric circles represent count values. Note that the stressweighted wind rose shows a dominance of wind stress from westerly winds (blowing toward the east),
and a second mode of strong northeasterly winds. The second mode is not as obvious in the simple wind
rose on the left.
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Figure 3.4 Time series of the Mississippi river discharge, wind stress, and average sediment concentration derived from
SeaWiFS data for two locations, (a) a 4 x 4 pixel box located near the mouth of the Mississippi River (sec point A in figure
3.5a) where there is a high correlation between discharge and sediment concentration, (b) a 4 x 4 pixel box located in a
region where there is a high correlation between wind stress and sediment concentration (see point B in figure 3.5b).
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Figure 3.5a Correlation maps for the period 1997-2000 based on 8-day averages, (a) Region of
significant correlation between the Mississippi discharge and the sediment concentration (location
A that corresponds to the discharge-sediment time series in figure 3.4a. This region is significantly
influenced by both the Mississippi and Atchafalaya discharges.
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Figure 3.5b Correlation maps for the period 1997-2000 based on 8-day averages. Region of
significant correlation between the wind stress and the sediment concentration. Location B
corresponds to the wind stress-sediment time series in figure 3.4b
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Figure 3.6a-h Seasonal (3-month) correlation maps for the period 1999-2000 based on daily data. Included for
each season are histograms of the frequency distribution of wind speed and wind stress weighted directional
histograms (rose diagrams). Concentric circles represent count value, with maximum value on distal circle. On the
wind speed histograms, the blue line shows the mode of the 2-year time series (1999-2000) and the red line shows the
mean. Note the change in scale in both of the October - December figures. (Figure 3.6a) January - March, 1999
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A p ril-Ju n e, 1999
Seasonal (3-month) mapped correlation field with wind data.
Figure 3.6b
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Seasonal (3-month) mapped correlation field with wind data. July-September, 1999
Figure 3.6c
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Seasonal (3-month) mapped correlation field with wind data. October-December, 1999
Figure 3.6d
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Seasonal (3-month) mapped correlation field with wind data. January-March, 2000
Figure 3.6e
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April-June, 2000
Seasonal (3-month) mapped correlation field with wind data.
Figure 3.6f
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July-September, 2000
Figure 3.6g Seasonal (3-month) mapped correlation field with wind data.
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Figure 3.6h Seasonal (3-month) mapped correlation field with wind data. October-December, 2000
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CHAPTER IV
COASTAL RIVER PLUMES OF THE NORTHEAST GULF OF MEXICO:
LINKING SALINITY VS. ABSORPTION RELATIONSHIPS TO TERRESTRIAL
DOC FLUXES
Joe Salisbury, Janet W. Campbell, Jacqueline Aitkenhead-Peterson, Charles J.
Vorosmarty, Frank E. Muller-Karger, L. David Meeker, Bisman Nababan
A bstract
As rivers enter the ocean, the concentration of a riverine constituent varies from
its initial concentration in the river to that in the ocean. If the constituent is conservative,
it will vary linearly with salinity. Here we examine the relationship between salinity and
the concentration of colored dissolved organic matter (CDOM) as indexed by its
absorption coefficient at 443 nm (ag443, m '1) from individual rivers discharging into the
northeastern Gulf of Mexico. We document that variability associated with dissolved
organic carbon (DOC) in the drainage basin is related to the slope of the ag443 vs.
salinity regressions in the offshore river plume. For each drainage basin under
consideration, DOC fluxes (kg ha'1 y'1) are estimated from soil C:N ratios derived from
the National Land Cover Data Set (NLCD) using a modified version of the model of
Aitkenhead and McDowell (2000). These fluxes are then normalized by local annual
runoff to derive a DOC index (g m'3), that is analogous to the drainage basin’s
climatological average DOC concentration. Surface flow-through measurements of
salinity and ag443 were taken during seven NE Gulf of Mexico (NEGOM) hydrographic
surveys. Regions of fluvial influence (RFI) associated with separate river plumes are
isolated using a method that exploits the temporal covariance between a river’s discharge
and a satellite-derived absorption field proximal to the discharge point. We show
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evidence that the slope of the ag443 vs. salinity relationship within individual plumes
covaries with the DOC index of the contributing drainage basin. These relationships
(associated with individual river plumes) are relatively stable for all cruises. Our results
suggest that one or more drainage basin attributes - most likely related to the DOC flux are responsible for distinct ag443 vs. salinity relationships within coastal plumes
discharged by individual basins. The documentation of phenomena relating drainage
basin attributes to satellite-retrievable optical signals is of considerable importance in
aiding remote studies of the origin, persistence and fate of riverine constituents in coastal
waters.

Introduction
Rivers, the major conduits linking terrestrial and coastal marine environments, are
integral systems in the delivery and cycling of nutrients and carbon constituents. An
understanding of the origin and fate of dissolved and particulate materials in coastal
waters is crucial for the proper monitoring and management of marine resources and
evaluating the impact of human activities at regional to global scales. In this paper, we
focus on the transfer of carbon from the land to the ocean via rivers, and we investigate
the feasibility of using the remotely sensed dissolved organic carbon absorption signal as
a means of monitoring land-to-ocean carbon exchanges.
Dissolved organic carbon represents the primary means by which terrestrial,
reduced carbon is transported to the oceans (Schlesinger, 1995). Although riverine DOC
fluxes to coastal oceans are small in terms of the global carbon cycle, the transfer of
organic carbon from land to ocean is on the same order of magnitude as the net air-sea
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carbon flux (Aumot et al. 2001). Terrestrial carbon, exported to deeper waters or
sequestered in marine sediments, may be an important net sink for anthropogenic CO2
(Liu et al 2000; Peng et al, 1999), yet it may also represent a source if rapidly consumed
by microbial or photolytic processes (Smith and MacKenzie 1987; Zweifel et al. 1995;
Miller and Zepp, 1998). On the continental margin a large percentage of DOC is derived
from terrestrial origins (Chen, 2002; Zweifel et al. 1995) while beyond the margins the'
concentration of terrestrial DOC is low and autochthonous sources and rainwater input
represent the largest contributions (Opsahl and Benner 1997; Willey et al 2000).
Terrestrial and aquatic ecosystem studies have sought to understand the control on
riverine DOC export (e.g. Clair et al. 1994; Hope et al. 1997; Aitkenhead and McDowell
2000) through an examination of physical and chemical watershed attributes. Thus far,
mean watershed soil C:N appears to be the best global predictor of riverine DOC export
(Aitkenhead and McDowell, 2000). Why a significant positive relationship should exist
between DOC export and soil C:N is unclear but may be related primarily to soil litter
quality. The quality of litter residue in a watershed soil is determined by its C:N ratio,
with a higher C:N typically depicting poorer quality and extended period of decay. Soils
with a higher C:N ratio exhibit a tendency toward leaching over in-situ mineralization. A
higher C:N ratio will also likely increase microbial demand for N and decrease plant N
availability. Inversely, a lower soil C:N ratio reflects a better quality litter residue with a
fast decay rate resulting in a greater proportion of the carbon being mineralized and
unavailable for leaching (Aitkenhead and McDowell, 2000).
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Concentrations of DOC are variable in surface waters draining watersheds with
different soil qualities (Aitkenhead et al. 1999). Typically, the greater percentage of
peatland or wetland in a watershed, the higher the stream DOC concentrations will be
(Eckhardt and Moore 1990; Gorham et al. 1998; Aitkenhead et al. 1999). High DOC
values in such watersheds are known to reach concentrations in excess of 63 mg L '1
(Gorham et al. 1998). Streams draining landscapes dominated by surface water flowpaths
in contact with organic rich soil horizons typically have higher DOC concentrations than
those streams receiving water draining deeper flowpaths (Mulholland 2003). Streams
with watersheds dominated by deciduous hardwood forests tend to have peak DOC
concentrations during litter fall in the autumn months (Mulholland 2003), and streams
draining conifer-dominated watersheds tend to exhibit higher DOC concentrations than
streams draining hardwood forests (Aitkenhead et al. 1999; Aitkenhead and McDowell

2000).
In this investigation, we have addressed the question of whether the runoffnormalized flux of DOC from specific drainage basins influences the variability in the
colored dissolved organic matter (CDOM) absorbance signal in coastal waters. The
ultraviolet (UV) to infra-red absorbance characteristics of naturally occurring humic
substances in streams and lakes have historically been used to estimate concentration
(Dobbs et al. 1972; Lewis and Canfield 1977; Stewart and Wetzel, 1980). More recently,
Battin (1998) showed stable behavior over time in the absorption.DOC ratios in two
tributaries of the Orinoco River. In the marine environment several researchers have
found the absorption of UV to visible light by CDOM to be closely related to the
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concentration of terrestrially-derived DOC (Vodacek et al. 1995; Ferrarri et al. 1996;
Ferrarri, 2000; DelCastillo et al. 1999). Absorbance is also related to both the quality and
source of the DOC. Several workers have noted that humic substances fractionated by
molecular weight have distinctive UV-visible absorption signatures and that these
signatures can be used as a predictor of molecular weight (Ghassemi and Christman,
1968; Tan and Giddens 1972; Stewart and Wetzel, 1980). Chin et al. (1994) have
demonstrated that the absorbance of DOC at 280 nm can be used as a predictor of both
the molecular weight and aromaticity of DOC. DOC derived from soil and plant litter
typically has a high aromatic carbon content (-25%) and tends to absorb more strongly
(in the ultraviolet to visible range) than microbially-derived DOC (Malcolm, 1990;
McKnight, 1994). Aromaticity and molecular weight are related to UV-visible absorption
characteristics, but both in turn are closely related to percent soil carbon, which is another
good predictor of DOC concentration and flux (Hope et al. 1997; Aitkenhead, et al. 1999)
The aim of this study is to determine whether spatial variability in the CDOM
absorption of river plumes in coastal waters is linked to drainage basin characteristics.
We have capitalized on extensive in-situ measurements made during cruises to the
northeastern Gulf of Mexico (Nababan, in preparation) together with discharge and
satellite data sets to investigate this question. Our results show a good relationship
between the modeled DOC index and the slope of the ag443 vs. salinity relationship
within individual river plumes. These results have implications in terms of our
understanding of the processes that control the behavior of riverine constituents in coastal
waters and suggest new ways in which to monitor drainage basin fluxes.
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The study area
The northeastern Gulf of Mexico (Figure 4.1) contains living and mineral
resources of great value and global significance. This region experiences striking
physical and biogeochemical variability on a seasonal basis. Wind-driven upwelling and
freshwater inflows are the primary drivers of the variability (Yang and Weisberg, 1999;
Muller-Karger et al. 1991). North America’s greatest river, the Mississippi, empties into
this domain which receives nearly half of the annual discharge of the contiguous United
States (Fekete et al. 1999). The rivers, especially the Mississippi, play an important role
in stimulating primary productivity (Hitchcock et. al, 1997) and, in turn, zooplankton
abundance (Ortner et al. 1989). Over the last century, patterns of productivity in the
region have been adversely impacted by agriculture and other anthropogenic activity in
the contributing drainage basins (Goolsby, 2000; Turner and Rabalias, 1994; Justic et al.
1994). Excess nutrient fluxes have contributed to periodic incidences of hypoxia west of
the Mississippi (Rabalais and Turner, 1999) and within the region of study (MullerKarger 2000).
Within the drainage basins under study (Table 4.1, Figure 4.2), there is substantial
variability in hydrologic regimes, soils, and land-cover characteristics. On one extreme,
the Mississippi drainage basin, which is largely crop and grassland, has the highest
discharge by far. Its hydrologic regime is regulated by over 2000 large dams built in the
drainage basin (Fekete et al. 1999). The NEGOM study area also contains the largest
river systems passing through Florida (Apalachicola) and Alabama (Alabama /
Tombigbee) (USGS, 2003). Both systems are distinguished by sandy or loamy surface
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horizons and loamy or clayey subsurface horizons (Ultisols), and are about 70 percent
forested and 25 percent agricultural land (USGS). A notable distinction between these
systems is the fact that the Alabama / Tombigbee system contains 103 large dams as
compared to the Apalachicola’s 16 dams (USGS, 2003). The Pascagoula and Pearl are
other large rivers in the study area sharing similar characteristics. About 72 percent of
each basin is forested, and about 21 percent is agricultural land. The dominant soil in
both is a well-developed, iron-rich Acrisol (Batjes, 1997). Near the coast of the
Pascagoula and Pearl systems are extensive low-lying wetlands that make considerable
contributions to the DOC flux (NLCD). The Suwannee is the largest black water river in
the southeastern U.S. Its headwaters are in the Okeefenokee Swamp of eastern Georgia,
and the river supports the rich floodplain ecology of bottomland hardwood forest, lakes,
ponds, and wetlands. The Aucilla and Ochlockonee are much smaller blackwater rivers.
These flow through cypress-gum swamps. Each of the blackwater rivers are underlain by
Entisols, soils which are typically deep and sandy (Batjes, 1997).
Data and methods
NEGOMdata
The NEGOM Program was a three-year, nine-cruise hydrographic survey begun
in November, 1997 which was funded by the Minerals Management Service of the U.S.
Department of the Interior. The objective of the NEGOM Program was to characterize
the spatial distributions of key physical, chemical, and biological attributes over the upper
slope and shelf of the northeastern Gulf of Mexico. The Texas A&M University research
vessel Gyre was used for each survey. Although the cruise tracks varied slightly, the
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general area of interest was a region of the northeastern Gulf of Mexico bounded by the
geographic coordinates (27.5 to 30.5N, -89 to -83W) with a focus on waters overlaying
the 10-m to 1000-m isobaths (Figure 4.3). For this study we used measurements
provided by NEGOM cruises 3-9, covering dates from 07-26-1998 to 08-08-2000 (Table
4.2).
Continuous flow-through measurements of salinity and DOC fluorescence were
taken on each cruise. Water was pumped from a hull depth of 3m through a debubbler
and into a mixing chest. The water flow was reduced to 1 liter/minute and directed to
conductivity and temperature sensors (Sea-Bird™) and to a (Turner Designs™)
fluorometer configured to measure DOC fluorescence at 450nm with an excitation
wavelength of 350 nm. Complete calibration, sampling and subsequent processing details
for these data can be found in Hu et al. (2000). During each cruise, about 40 spatiallydistributed water samples were taken to measure CDOM absorption spectra. (Nababan,
in prep). For each station, the sample water was double filtered (Whatman™ GF/F, then
0.2 pm Nuclepore), frozen at -20°C for the remainder of the cruise, and then analyzed
upon return using a Perkins-Elmer™ spectrophotometer. As in previous studies (Ferrarri
2000; Del Castillo et al. 1999; Ferrarri et al. 1996; Vodacek et al. 1995), robust
relationships were found between the DOC fluorescence data and CDOM absorption
measurements. From these data, a calibration curve was generated for each cruise by Hu
et al. (2000), which enabled synoptic mapping of the CDOM absorption (443nm) over
the area of interest.
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Isolation o f individual regions o f fluvial influence (RFI)6
To isolate the individual plumes of the study region, we relied on a method
developed by Salisbury et al. (2001) that exploits the temporal covariance between a
river’s discharge and the ocean color field proximal to the discharge point to identify and
map a region of fluvial influence. We believe that for coastal waters, where the timevarying ocean color field is strongly correlated to river discharge of close proximity, a
region can be defined in which riverine constituents are driving the variability in the
ocean color field. Using this statistical method, an estimate of the spatial extent of an
individual river’s effect on the ocean color field can be made (Salisbury et al. 2001;
Salisbury et al. 2002). Daily measurements of river discharge for the Mississippi River at
Tarbert’s Landing were obtained from the United States Army Corps of Engineers
(ACE). For all other rivers in this study, daily discharge data for the station most
proximal to the coast were obtained from the United States Geological Survey (USGS)
(Table 4.1). The ocean color parameter chosen for correlation with discharge was the
absorption coefficient of colored dissolved organic matter and organic detritus at 412nm
(acDM_4 i2)- Riverine discharge typically delivers dissolved and particulate organic matter
that absorbs light in the violet region of the spectrum (Jerlov, 1968; Carder et al. 1989;
Blough et al. 1993). As the concentration of light-absorbing materials to the coastal
waters increases in response to increasing discharge, the absorbance increases and less

6 The term ‘region o f freshwater influence' was coined by Simpson (1995;1997) and has since been used by
other researchers (Durand et al 2002; Hyder et al. 2000). Here we substitute the word fluvial for
freshwater to denote water delivered to the coastal ocean specifically via riverine sources.
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light exits the water column. The correlation between the time-varying river discharge
and acDM_4 i2 was thus used to map the region of fluvial influence (RFI) for each river.
Ocean color data for the estimation of acDM_4 i2 was collected by the SeaWiFS
sensor (McClain et al. 1998). Level-2 SeaWiFS data were obtained from the NASA
Goddard Distributed Active Archive Center (Goddard-DAAC). These particular data
(known as global area coverage or GAC data) comprise 1-km pixels subsampled at 4-km
resolution. They were processed with the SeaDAS version 4.0 software (Baith et al.
2000) using the atmospheric correction algorithm of Siegel et al. (2000) to derive
normalized water-leaving radiance (nLw) at 5 wavelengths (412nm, 443nm, 490nm,
510nm, and 555nm). The estimation of acDM_4 i2 is based on the inversion algorithm of
Garver and Siegel (1997) which uses the 5 nLw bands as input to the model.
To generate the RFI, correlation coefficients (r-values) between daily discharge
and daily acDM_4 i2 values were computed over 91-day intervals (45 days before and after
the midpoint date of each cruise). The correlations were computed at every pixel location
to produce a map of r-values for each cruise and each river. Each map shows the spatial
distribution of the seasonal correlation between an individual river and the acDM_4 i2 field
in the northeastern Gulf of Mexico. The 91-day time interval was selected to depict the
seasonal covariance between discharge and acDM_4 i 2 for each river. Based on previous
work (undertaken during the preparation of Salisbury et al. 2002), we concluded that
seasonal correlation intervals offer a reasonable compromise between the problem of
sparse coverage in the satellite data at shorter time intervals and problems associated with
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the averaging of plume position at longer intervals. Correlation maps were thus produced
for each cruise and for each river within a cruise (n=77,11 rivers x 7 cruises).
Each of the correlation maps was then filtered to identify pixels in which the
correlation was statistically significant. A statistical confidence level for each pixel was
defined as one minus the probability of obtaining that correlation from a pair of random,
uncoirelated time series with the same number of observations. Only pixels whose
correlations had a statistical confidence of 95% or greater were retained, [i.e., The
hypothesis Ho: correlation = 0 was tested at each pixel, and only pixels for which this
hypothesis was rejected at the a = 0.05 level were retained]. In two cases (NEGOM 7Apalachicola and Aucilla), there was no significant correlation between the discharge and
the local acDM_4 i2 fields proximal to the discharge sites, and consequently, the RFI could
not be determined. Thus, the number of correlation maps was reduced to n = 75. As a
final step, we used an algorithm to gather only those pixels proximal to the discharge
points of the individual rivers that were significantly correlated with the discharge. The
algorithm searches out from the discharge point of a river until it encounters significantly
correlated pixels and gathers all such pixels that are contiguous. It stops searching when
a break in the connectivity is found or if a certain distance is reached. The 50-pixel
distance (-200 km) was the cut-off for most rivers, but in practice, this was applied only
for the Mississippi -the largest plume. For the Aucilla and Ochlockonee, both smaller
rivers emptying into Apalachee Bay, the radial distance was reduced to 25 pixels to help
limit plume overlap. A composite map of all RFI for the NEGOM 4 cruise is shown in
Figure 4.4. Interpolated sea surface salinity and ag443 from the NEGOM 3 cruise as well
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as the corresponding satellite-derived acDM_4 i2 and the RFI (Mississippi River) are shown
in Figure 4.5.

ag443 vs. salinity regressions
For each cruise, NEGOM data (ag443 and salinity) subtended by each of the RFI
were plotted and visually inspected. In 64 of the 75 plots examined (85%), a linear
relationship between ag443 and salinity was clearly evident. In the remaining 11 cases,
there appeared to be two distinct clusters separated by at least 1 salinity unit (psu). In
these cases, we selected only the points from the cluster having the higher correlation
coefficient (ag443 and salinity), and the other points were eliminated from further
analysis. In most cases, the rejected points appeared to have little or no correlation. We
suspect that in these cases, the waters in question were influenced by the river for some
time during the 91-day period (and hence were assigned to the RFI), but were not under
the influence of the river at the time the NEGOM data were collected.
From the entire suite of 75 ag443 vs. salinity plots, there were 31 outlier pairs
which deviated significantly from the linear relationships. These were examined in the
context of the original cruise data, and it was found that 11 data pairs could be removed
due to suspected malfunctioning of the fluorometer. The remaining 20 pairs could not be
removed and were included in the analyses. Regressions of ag443 vs. salinity were then
performed for each RFI within a cruise, and for all cruises. The slope of each data run
was estimated and saved as an index of the ag443 vs. salinity relationship for each
drainage basin’s RFI.
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Calculation o f DOC index o f watersheds draining into the NE Gulf o f Mexico
To estimate the DOC export flux from watersheds in the study area, we used a
modified version of the global C:N model of Aitkenhead and McDowell (2000) which
statistically relates biome DOC flux (kg ha'1 y'1) to biome soil C:N ratios. To estimate
the global DOC flux from terrestrial ecosystems to the ocean, Aitkenhead and McDowell
(2000) multiplied each biome flux by the global areal extent of the biome. For our
purposes, however, we needed an estimate of the DOC concentration in the river
discharge to relate to the ag443-salinity mixing curves measured offshore. Thus, we
normalized the DOC export flux derived by a modified version of the Aitkenhead and
McDowell model (see below) by the local climatological runoff. The result is a DOC
index that has units of concentration (g m'3) and is analogous to the climatological mean
DOC concentration in each river.
Of the eleven watersheds considered in this study, seven have published data on
DOC export fluxes (Mulholland and Watts 1982). These data and their corresponding
C:N soil data (estimated from biome type within the seven watersheds) had been used to
derive the model of Aitkenhead and McDowell (2000). To estimate DOC export
consistently for all eleven watersheds, we modified the model by removing the seven
watersheds from the global database and then recalculated the DOC flux to obtain a new
regression equation:
DOC Export = 4.8487*Mean Watershed Soil C:N - 60.921

(Eq. 4.1)

Estimated DOC export for each of the eleven watersheds was based on mean
watershed soil C:N ratio. However, since limited measurements were available for soil
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C:N for the watersheds in this study, we estimated mean watershed soil C:N from
landcover data (National Land Cover Data Set (NLCD) - USGS). The global C:N model
(Aitkenhead and McDowell 2000) includes a database of soil C:N allocated to ecosystem
or biome types because soil carbon and nitrogen content are typically associated with
various land cover types. We determined the land-cover type in the eleven drainage
basins from the NLCD for the conterminous U.S., which is based on 30-meter Landsat
thematic mapper (TM) data. Accurate classification of wetlands, important in the
estimation of DOC fluxes, required the use of the National Wetlands Inventory (NWI) to
amend the NLCD. Each watershed was delineated and the percentage of each land-cover
type was calculated. Mean watershed soil C:N ratios for each of the eleven watersheds
was then estimated by assigning a proportional soil C:N value for the proportion of land
cover in each watershed. The weighted soil C:N values were summed to obtain the
mean watershed soil C:N (Table 4.3, Figure 4.6).
Mean watershed soil C:N for each watershed was input to the predictive equation
(Eq.4.1) to obtain an estimate of DOC export for each of the eleven watersheds. In most
cases predicted export was very similar to published export for the seven watersheds.
Export for the Suwannee River was over-estimated but of the remaining six rivers,
predicted DOC exports fell within 1 standard deviation of observed mean annual DOC
export (Figure 4.6). Failure to predict the Suwannee DOC flux may be due to extensive
land-use changes since the water chemistry was analyzed, almost 30 years ago. There
was no significant difference between published and predicted DOC export values
(paired 2-tailed t-test: p=0.79; n = 7). Observed and predicted DOC exports were
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significantly correlated (r = 0.80; p < 0.05; n = 7). Therefore, we have confidence in the
model estimates of DOC flux for the four watersheds which lacked published DOC
export data.
The basin-averaged DOC export estimates were divided by the climatological
runoff for each basin to obtain the DOC index (Fekete et al., 1999). The runoff was
estimated using the University of New Hampshire’s Water Balance Model which uses a
blended set of observed and predicted runoff data (Vorosmarty et al., 1996).

Results
Distinctive trends in the ag443 vs. salinity relationships can be seen by
segregating the data according to that which lies to the east and west of Cape San Bias,
the discharge region of the Apalachicola. Figure 4.7, for example, shows results for all
data subtended by RFI (all positive correlations) during the NEGOM 5 cruise. These
trends are apparently forced by differing concentrations of light absorbing chromophoric
materials, presumably colored DOC, in the surface waters. Similar trends were apparent
across all cruises. These results are consistent with results reported by Hu et al. (2000),
who found two distinct relationships within each cruise. One relationship contained data
from the combined coastal waters of Tampa Bay, Suwannee, Apalachicola and Pensacola
(Escambia) Rivers, and the other relationship was derived from the remainder of their
data. These relationships were found in each cruise and appeared to be time independent.
When the ag443 and salinity data were sorted according to the eleven RFIs for
each cruise, we found distinct trends associated with the individual rivers, as illustrated
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for NEGOM 4 in Figure 4.8. Within each plume the relationship is approximately linear,
but there is considerable variability in the slopes of the ag443 vs. salinity relationships
between individual plumes. The slopes of the ag443 vs. salinity relationships associated
with the various RFI are presented in Table 4.4. The slopes are determined by the
riverine endmember since all curves tend to intersect at the oceanic endmember. The fact
that the slopes associated with the same river were somewhat stable from cruise to cruise
suggests drainage basin control of the ag443 vs. salinity relationship.
To investigate if the ag443 vs. salinity relationship varies with the drainage
basin’s DOC index, we calculated statistics (mean, standard deviation and range of the
slopes) for each basin (averaged over all cruises). When plotted against DOC indices
(Figure 4.9), we found a negative trend between slope and DOC flux. That is, the
negative slope became steeper as DOC index increased.

Discussion
To the best of our knowledge, this is the first study to address the issue of
characterizing the optical variability across coastal river plumes in terms of variable
drainage basin attributes. The behavior of the NEGOM ag443 and salinity data makes a
compelling case that the spatial variation of DOC flux across drainage basins at broad
regional scales contributes to the optical variability in coastal plumes (Figure 4.8). Since
we have isolated and studied only those regions of the NEGOM in which specific riverine
discharge and acDM_4 ia are highly correlated, we are convinced that drainage basin
qualities are forcing the variability of the ag443 vs. salinity relationship. However,
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questions remain concerning the actual qualities and mechanisms of the forcing. For
example, is the variability being forced by some other drainage basin attribute that is also
influencing the DOC index? Specific attributes known to affect the spectral quality of
drainage basin exudates include soil type (Rumpel et al. 2002; McKnight, 1999), climate
(Thurman, 1986) and ecosystem type (McKnight et al. 2001; McKnight et al, 1999;
Dobbs et al. 1972). Although these attributes were not specifically addressed, each is
closely related to the soil C:N ratio (Aitkenhead et al. 1999) and is therefore expressed in
the DOC flux model (Aitkenhead and McDowell, 2000).
The results of this study hinge on our statistical methods which allow the ability
to isolate regions affected by a specific river discharge. Thus, we are able to gain
meaningful information concerning constituent behavior within individual river plumes.
Although the methods are imperfect (see below), we believe their application for
identification of individual RFI has several advantages over more subjective methods. In
trying to discern the spatial distribution of riverine influence, it is difficult to know
exactly which waters are associated with the river discharge. To infer riverine influence,
studies have had to rely on subjective methods related to proximity such as thresholds of
satellite-estimated turbidity (Stumpf, 1991), or sediment concentration (Walker, 1995).
Dynamics unrelated to riverine discharge such as resuspension of bottom sediments or
phytoplankton blooms can strongly influence these estimates. Furthermore, currents
and/or winds can alter both the position and qualities of the plume. The actual position of
a plume may be driven toward the coast or far offshore depending on the wind and
current fields (Fong et al. 2001; 2002; Salisbury et al. 2002).
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In shallow regions, the optical properties of a plume can be easily altered by
mixing and resuspension while at the more distal reaches they may remain consistent
with the riverine end-member (Salisbury et al. 2002). An interesting comparison
highlighting this possibility is shown in Figure 4.10. The RFI for two rivers are shown in
red, and non-RFI areas of approximately equal size located immediately proximal to the
river mouths are shown in black. This illustrates the fact that the RFI can be spatially
displaced from the river mouth. The lower panels are plots of ag443 vs. salinity in the
four areas. The two left plots show striking differences in the ag443 vs. salinity
characteristics subtended by each patch. The region immediately proximal to the
Suwannee River (lower right) exhibits two clusters. The lower salinity cluster is generally
consistent with the pattern found in the RFI (note scales are different), whereas the high
salinity cluster is quite distinct. We maintain that selecting RFI that are temporally
correlated with discharge offers advantages over more subjective methods that may be
strongly influenced by processes other than riverine discharge.
Concerning time intervals for correlation runs, plume positions are not likely to be
matched when temporal (seasonal) correlations are made to isolate regions for study over
short time intervals. In other words, there will likely be discrepancies between actual
plume position at a given moment and the spatial distribution of the seasonal correlation
field (statistically-based RFI). At best the RFI represents a reasonable estimate of the
mean plume position over the time interval of the correlation run and, as such, does not
capture the short-term temporal dynamics of the plume. Problems can also surface
because satellite measurements are not distributed evenly over time. Although the
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discharge database had very few missing values, the spatial coverage of the imagery can
be sparse, due primarily to cloud cover. In the determination of the RFI, days of missing
values (stormy periods) followed by clear skies would affect the plume position by
inappropriately weighing the clear days in the correlation runs. Whether caused by
sampling frequency or another combination of factors, the statistically-generated RFI
performed imperfectly in isolating unique statistically significant ag443 vs. salinity
relationships. As mentioned in the methods section, we encountered situations (n= 11)
where there were two ag443-salinity clusters subtended by a single RFI, each with a
distinctive slope. In these cases, we believe that our methods failed to isolate an
individual plume.
Our methods were unable to consistently identify river plumes south of the
Suwannee River. This was disappointing as the NEGOM cruises collected in situ data as
far south as Tampa Bay. Rivers south of the Suwannee to Tampa Bay are characterized
by low annual runoff and discharges that are typically episodic in nature (from the USGS
archive). This means that much of the DOC could be discharged during storms when no
imagery is present. In related research (Salisbury et al. 2002), we found that on much of
the West Florida Shelf, satellite derived absorption values and sediment concentrations
are highly correlated with the satellite-retrieved local wind stress. These correlations
were interpreted as an indication of sediment and detrital resuspension, where light
absorbing constituents (dissolved and particulate) may be introduced to the water column
and can be recorded in the in-situ and satellite data (Boss et al. 2001; Booth et al. 2000;
Vlahos et al 2002, Komada and Reimers, 2001). In these areas, the absorption field is
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more highly correlated with the wind stress field than it is with the discharge. We also
believe that this phenomenon is apparent near the mouths of several rivers emptying into
shallow waters, and it is expressed as a gap between the discharge point and the
beginning of the field of significant correlation (see Suwannee River in Figure 4.10).
We are uncertain as to why we consistently recorded RFI from the small rivers
Ochlockonee and Aucilla whose discharges are also episodic and whose plumes must
also be affected by resuspension (see Salisbury et al. 2002). One idea is that copious
amounts of highly colored (absorbing) water are discharged from the extensive wetland
systems fringing the drainage basins, and the discharge from the wetlands happens to be
in phase with the nearby rivers. Similar hydrographs between the wetlands and the rivers
are likely given the short basin lengths. In these cases, perhaps the discharge-color signal
is strongly coherent such that it overrides the wind stress - color signal in this region, but
not to the south where the DOC flux models imply that far less color is being expressed
from the rivers.
Within each RFI, there tended to be a linear relationship between ag443 and
salinity, suggesting that the riverine CDOM was being conservatively mixed in oceanic
waters of the RFI. All such curves converged to approximately the same ag443-salinity
values offshore, and thus differences in slope were governed by differences in the
riverine values. In this project we sought to determine if the differences in slope were a
function of the DOC concentrations exported from the contributing drainage basins. We
found that rivers with higher DOC index (a proxy for average concentration) had steeper
slopes. It is tempting to extrapolate the linear relationships to the zero-salinity intercept
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to estimate the ag443 riverine end member, but we caution against this. We had no data
from the rivers (salinity ~0) and thus cannot determine if our intercepts are close to the
ag443 values in the rivers. Furthermore, it is probable that there are non-conservative
processes of DOC removal and input across the salinity gradient below the lowest salinity
values in our data set (-27 psu). Processes such as benthic input (Komada and Reimers,
2001), photolytic oxidation (Mopper et al. 1991; Moran and Zepp, 1997; Moran et al.
1999; Vodacek et al. 1997; DelVecchio, and Blough, 2002), microbial consumption and
production (Moran et al. 2000; Hopkinson et al. 1995; Carder et al. 1989), and
physiochemical flocculation (Sholkovitz et al. 1976; Fox, 1990) would alter the mixing
curve near the mouth of the river, causing it to be nonlinear.
Our methods and findings suggest the case for remote monitoring of the state of
drainage basin DOC flux through a careful examination of the optical properties of the
coastal ocean. With such methods in place it may be possible to monitor ongoing
changes in DOC dynamics. These changes are inevitable in light of anthropogenic
activities contributing to soil erosion, atmospheric nutrient deposition and global
warming (Aitkenhead et al. 2003; Aitkenhead and McDowell, 2000; Clair et al, 1999).
This work also demonstrates the value of our methods to define RFI. The isolation
of individual plumes whose optical and biogeochemical characteristics are truly
representative of drainage basin fluxes is an important step in the understanding of landocean linkages. It is reasonable to assume that the bulk of a drainage basin’s buoyant
optically-active constituents pass through these RFI over the time of the correlation run.
Thus, it may be possible to focus in on these specific regions to retrieve concentrations
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and fluxes of constituents originating from individual drainage basins. Finally, since most
of the ag443 vs. salinity regressions were highly correlated, it may be possible to estimate
salinity, albeit crudely, within the plumes using remotely sensed absorption coefficient
measurements (Hu et al., 2000). This would require knowledge of the ag443 vs. salinity
mixing curves for individual rivers, relationships that might be related to known or
modeled DOC indices, and that the river RFIs be delineated with the aid of discharge
hydrographs.
The results also point to areas clearly needing more data and research. Presently
the widely accepted models used to predict DOC flux are temporally static. Current
research at UNH (Green and Vorosmarty, 2003) seeks to impart time-varying signals into
these models by coupling fluxes to water balance and transport models. As the capability
to monitor discharge and constituent concentrations worldwide is limited, and in some
cases declining, the demand for these models is obvious (Shiklomonov et al. 2001).
Studies of relationships between terrestrial DOC concentrations and absorption of visible
light have been nearly abandoned since the development of more modem techniques to
quantify DOC concentrations (e.g. catalyzed oxidation-IR retrievals). Since the best hope
to retrieve these concentrations remotely is through visible sensors, we recommend that
studies linking terrestrial DOC qualities and concentrations to absorption spectra be
revisited and improved. Finally, there is a need to obtain in-situ data from riverineinfluenced regions both to test our assumptions about drainage basin influence on the
optical properties of coastal waters and to validate our methods used to delineate RFI.
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T a b l e 4 .1 A v e r a g e d a i l y d i s c h a r g e a n d D O C i n d i c e s f o r r iv e r s in t h i s s t u d y .

1
2
3
4
5
6
7
8
9
10
11

Mississippi
Pearl
Pascagoula
Tombigbee
Alabama
Escambia
Choctawhatchee
Apalachicola
Ochlockonee
Aucilla
Suwannee

0000120A (ACE)
8030500 (USGS)
2479000 (USGS)
2469761 (USGS)
2428400 (USGS)
2375500 (USGS)
2366500 (USGS)
2359170 (USGS)
2330000 (USGS)
2326500 (USGS)
2323500 (USGS)

436585
7351
4977
19044
18128
4633
5178
15504
749
260
5095
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1.01
6.52
6.33
4.81
4.21
9.01
7.17
3.82
13.72
14.11
11.05

Table 4.2 C ruise Dates

iiiftflglSgiS
NEG O M 3

7 /2 6 /9 8 - 8 /6 /9 8

NEG O M 4

1 1 /1 3 /9 8 - 1 1 /2 5 /9 8

NEG O M 5

5 /1 5 /9 9 - 5 /2 8 /9 9

NEG O M 6

8 /1 6 /9 9 - 8 /2 8 /9 9

N E G 0M 7

1 1 /1 3 /9 9 -1 1 /2 2 /9 9

NEG O M 8

4 /1 5 /0 0 - 4 /2 6 /0 0

NEG O M 9

7 /2 9 /0 0 - 8 /8 /0 0
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Table 4 3 Percentage of land cover type and estimated watershed soil C:N based
upon proportion of land cover for the eleven river basins in this study.
Water
Residential
Commercial
Trans Upland
Deciduous
Conifer
Mixed Forest
Shrubland
Orchard
Grassland
Pasture
Agriculture - Row
Agriculture - grain
Agriculture fallow
Woody Wetland
Emergent Herb
'" " I
Water
Residential
Commercial
Trans Upland
Deciduous
Conifer
Mixed Forest
Shmbland
Orchard
Grassland
Pasture
Agriculture - row
Agriculture - grain
Agriculture - fal.
Woody Wetland
Emergent Herb

SSSBBngHS

2
1
1
0
15
5
3
5
0
25
13
20
6
2

2
2
1
1
17
27
15
0
0
0
18
6
0
0

i
i
i
3
23
19
23
0
0
0
11
10
0
0

2
1
1
2
28
19
26
0
0
0
10
6
0
0

2
2
1
4
23
17
18
0
0
0
9
15
0
0

1
1
0
7
3
33
3
0
0
4
5
19
0
0

1
1
0
4
11
33
22
0
0
0
12
5
0
0

0
0
0
4
12
35
25
0
0
0
7
9
0
0

0
0
4
14
21
22
0
0
0
9
18
0
0

2
1
0
9
3
22
7
0
0
2
4
20
0
0

4
2
0
11
2
27
7
1
0
3
1
8
0
0

2
1

11
1

8
0

5
0

9
0

21
2

10
1

6
0

10
0

28
1

28
5

2

S^O cK^

0
13.53
0
24.64
15.34
29.24
16.69
15.90
13.76
13.53
13.53
13.61
13.51
13.61
32.50
15.70

0
0.09
0
0.07
2.29
1.46
0.48
0.73
0.0
3.34
1.76
2.78
0.80
0.23
0.59
0.16

0
0
0
0
0
0
0
0
0.20 0.11 0.11 0.23 0.14 0.07 0.03 0.04
0
0
0
0
0
0
0
0
0.34 0.62 0.02 0.96 1.75 0.86
1.08 1.01
2.55
3.54 0.31
3.48 0.38
1.73
1.79 2.10
7.92 5.64 8.10 5.03 9.62 9.53 10.32 6.14
2.52 3.76 3.22 3.02 0.48 3.74 4.24 3.67
0
0
4.07
0
0.06
0
0
0
0
0
0
0
0.01
0
0
0
0
0
0
0
0.55
0
0
0
2.48
1.54 0.00
1.18 0.64
1.58 0.97 1.23
0.83
1.31
1.32 2.03 2.64 0.72
1.17 2.40
0
0
0.86
0
0
0
0
0
0
0
0
0
0
0
0
0
3.45 2.54 0.13 2.86 6.76 3.38
1.98 3.09
0.09 0.05 0.82 0.05 0.38 0.09 0.05 0.06
^2Q.y+lig -9 d :^ lf ^ ^ & 8 9 i|2 S ;4 3 |? :21i74;
>19-78;

1iPPl

0
0.15
0
2.14
0.49
6.32
1.24
0.03
0.03
0.24
0.51
2.76
0
0
9.10
0.17

0
0.31
0
2.71
0.25
7.75
1.24
0.11
0.06
0.43
0.15
1.10
0
0
9.20
0.72
54.03]

Rivers: Mississippi (Mi), Pearl (Pe), Tombigbee (To), Alabama (Al), Apalachicola (Ap),
Suwannee (Su), Pascagoula (Pa), Escambia (Es), Choctaw (Ch), Ochlocko (Oc), Aucilla (Au)
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Table 4.4 - Slope of ag vs salinity relationships by river and cruise in ascending order of DOC Index
R i v e r ( D O C i n d e x , g m ' 3)

NEG0M3

NEGOM4

NEGOM5

NEG0M6

Mississippi (1.10)
Apalachicola (3.82)

-0 .0 1 0 4

- 0 .0 3 5 1

- 0 .0 2 7 1

-0 .0 1 2 1

-0 .0 1 6 7

- 0 .0 4 3 8

- 0 .0 3 0 7

- 0 .0 0 9 8

Alabama (4.21)

- 0 .0 1 6 9

- 0 .0 4 1 7

- 0 .0 2 1 4

- 0 .0 1 0 6

Tombigbee (4.81)

- 0 .0 2 9 8

- 0 .0 3 9 6

- 0 .0 2 1 2

Pascagoula (6.33)

- 0 .0 3 0 0

- 0 .0 7 3 6

Pearl (6.53)

-0 .0 2 1 8

Choctaw (7.17)

NEGOM7

NEG0M9

- 0 .0 2 3 7

- 0 .0 2 5 9

- 0 .0 3 0 7

- 0 .0 1 2 3

-0 .0 1 9 8

- 0 .0 2 4 5

- 0 .0 3 0 0

• 0 .0 0 4 6

-0 .0 2 1 6

- 0 .0 2 4 3

- 0 .0 1 8 8

- 0 .0 4 2 5

- 0 .0 1 5 1

-0 .0 2 4 7

- 0 .0 4 0 7

- 0 .0 3 1 8

-0 .0 4 7 2

- 0 .0 4 0 1

- 0 .0 2 2 3

- 0 .0 4 3 3

• 0 .0 2 6 8

- 0 .0 3 5 3

- 0 .0 2 5 1

- 0 .0 4 7 4

- 0 .0 2 9 9

- 0 .0 3 0 5

- 0 .0 4 9 6

- 0 .0 3 5 6

- 0 .0 2 5 8

Escambia (9.01)

- 0 .0 5 7 5

- 0 .1 0 8 6

- 0 .0 6 1 7

- 0 .0 9 3 9

- 0 .0 4 4 2

- 0 .0 5 3 6

- 0 .0 6 5 3

Ochlockonee (13.72)

- 0 .0 1 0 2

- 0 .0 5 3 3

- 0 .0 2 7 6

- 0 .0 1 2 4

- 0 .0 4 6 2

- 0 .0 2 8 9

• 0 .0 4 0 6

Suwannee (11.05)

- 0 .1 2 0 8

- 0 .0 9 8 6

- 0 .0 6 3 8

- 0 .0 6 2 7

- 0 .0 6 5 2

- 0 .0 6 2 8

- 0 .0 5 5 3

Aucilla (14.11)

- 0 .0 4 1 5

- 0 .0 7 2 3

- 0 .0 6 4 5

- 0 .0 4 3 7

- 0 .0 3 8 0

- 0 .0 4 1 9
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F ig u r e 4 .3
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Correlation va lu es vary betw een rivers, how ever darker colors are higher
values.
- Mississippi River (left) Escambia River (center) Suwannee (right)
- Pearl River (left) Choctawhatchee River (right)
I »ISM

- Pascagoula River (left) Apalachicola River (right)

Q JB

- Alabama River (left) Ochockonee River (right)

[H H I

- Tombigbee River (left) Aucilla River (right)

Figure 4.4 Composite regions of fluvial influence (ROFI) for NEGOM 4 (November, 1998) Correlation dates
10-12-99 to 01-04-00.
96

F ig u r e 4 .5

M a p p e d P r o d u c ts N E G O M 3 (7 -2 6 -1 9 9 8 to 8 -6 -1 9 9 8 )

(Top Left) Surface salinity (psu) (Top Right) Region of fluvial influence for the Mississippi River (mapped r-values)
(Bottom Left) Surface ag443 (nr1) (Bottom Right) Satellite derived absorption data used to generate the ROFI.
Average acoM 412 (rrv1) (7-26-1998 to 8-6-1998) using the Garver -Siegel algorithm on SeaWiFS ocean color data.
White space is no data or algorithm failure. Note that in the two bottom figures the absorption values are taken at

different wavelengths and the color scales are different.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Choctawatchee
Escambia
Pascagoula
Suw annee
Appalachicola
Pearl

■ Predicted
□ Observed

Mississippi
0

20

40

60

D O C Export (kg ha '1 yr'1)
F ig u r e 4 .6

O b s e r v e d v e r s u s p r e d ic te d D O C f lu x e s fo r d r a in a g e

b a s i n s in t h e s t u d y a r e a

98

80

22

68

o
(wu£fri uoiidiosqe 6e

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

ag443 vs. salinity within Individual plumes (NEGOM3)
rescaled for detail

ag443 vs. salinity within Individual plumes (NEG0M3)
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Slope of ag vs. salinity relationship plotted ag ain st DOC index
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(Left Plots • a) ‘Typical’ improvement
in correlation using the IFI. Pearl
River NEGOM 7.
(Right Plots - b) Extreme example of
different region identified by IFI
compared to most proximal pixels.
Suwannee River NEGOM 6.

CHAPTER V
SIGNIFICANCE OF THIS WORK AND FURTHER RESEARCH
Our original hypothesis stated that biogeochemical variability evoked by
terrigenous fluxes to coastal waters elicits a corresponding response in satellite data that
can be exploited to help understand the spatio-temporal dynamics o f these fluxes. We are
confident that progress was made in characterizing the optical response of coastal waters
to the dynamics of constituents originating from the land. Furthermore we believe that
the progress made here represents an important initial step toward a routine monitoring of
the source, concentration and ultimate fate of terrestrial constituents in coastal waters.
During the course of this thesis, we were successful at developing new methods of
delineating the extent of riverine influence in coastal waters using satellite data. We then
were able to apply these methods to map the seasonal variability of fluvial influence in
coastal waters and demonstrate various forcing mechanisms that control the dynamics of
constituent distributions. Finally we combined our methods in conjunction with a land
based constituent flux model and a suite of in-situ data to show that certain optical
relationships in individual river plumes covary with terrestrial fluxes. To our knowledge
both our methods and the findings derived from the application of our methods have not
been previously reported. The results strongly suggest that information about the
variability of the land-to-ocean fluxes can be captured using a satellite-derived data.
Specifically, it may someday be possible to estimate the land to ocean concentration and
flux of optically active constituents. This will require progress on several fronts
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including accurate delineation of RFI (with freshwater volume estimates) and localized
characterization of the ocean color to constituent relationship
A great deal of work still needs to be done and several questions need to be
answered. Our methods need to be validated using a suite of in situ measurements, and
several questions pertaining to constituent dynamics in coastal waters need to be
answered. How accurate are the RFI that are estimated using our methods? How do the
RFI for TSS which is non-conservative with salinity compare with the RFI for more
conservative constituents such as CDOM? Are the relationships between satelliteretrievable parameters (e.g. absorption) and salinity indeed related to drainage basin
attributes as suggested in Chapter IV? If yes, can we retrieve riverine end members of
absorption values or constituent concentrations? Do coastal provinces whose optics are
forced by different processes (e.g. wind-driven resuspension and fluvial discharge) have
different optical signatures as well as spatio-temporal distributions? Given that we can
do a reasonable job of identifying the spatio-temporal distribution of terrestrial influence,
we can now begin the job of understanding the fate and transformation of riverinedelivered carbon and TSS. We are optimistic that we will now be able to understand the
timing and magnitude of terrestrial fluxes through analyses of time-varying optical
signals in the coastal ocean.
The answers to these questions will come with time and focused research. We
have several suggestions on the direction research should take in order to address these
issues. Foremost is the need for better spatial and temporal coverage of discharge fields.
In a time when discharge measurements are being discontinued worldwide, it compels the
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community to accelerate research into the modeling and measurement of discharge.
Another high priority is to be able to impart time variation into terrestrial flux models (eg.
nutrients, DOC and TSS), as at present, most of these models are static. Again we note
that success in constructing better time-varying constituent flux models depends on our
ability to obtain or model discharge fields. When temporally-varying constituent flux
models become a reality, our statistical methods can be modified so that actual riverine
fluxes of constituents can be correlated with satellite indices designed to retrieve
waterborne constituent concentrations. This, coupled with more accurate retrieval
algorithms, should substantially improve our ability to delineate regions influenced by
riverine constituents. W e also need a better understanding of the conservative vs. non
conservative nature of constituents in coastal waters. The processes that contribute to
constituent inputs or removals along the salinity gradient will only be understood after
considerable in situ and laboratory efforts.
We intend to continue research along these lines as we document the relationship
between the riverine delivery of constituents and the corresponding optical variability in
the neighboring coastal ocean. During the next two years we have the unique opportunity
to develop a database of constituent measurements with corresponding optical property
productivity, and pC 02 measurements along several river-to-ocean transects in the
northeastern United States. Ultimately we want to model and track the lifespan of several
terrestrial constituents from source to long-term sink and determine how these
constituents affect productivity and trophic status.

105

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

We further intend to capitalize on the promise of satellite data to work on a truly
global scale. Global annual atlases of RFI are presently planned and will be created based
on modeled constituent fluxes (Aitkenhead and McDowell, 2000; Green et al, 2003), and
ocean color satellite data taken since the beginning of the SeaWIFS mission (9/97). These
products will undoubtedly highlight the impressive variability that the terrestrial water
cycle imparts on the coastal ocean. The main goal of our continuing research is to
examine and model the land-ocean linkage to further understand how terrestrially based
biogeochemical processes are related to the variability in the optical characteristics of
neighboring coastal waters. This research augments many of the ongoing efforts at the
University of New Hampshire and collaborating institutions that range from modeling of
constituent fluxes to developing better algorithms for constituent retrievals in coastal
waters.
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